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PREFACE 


AvisiTtoa scrap yard cannot fail to impress engineers with the rate at which 
progress is being made in engineering. 

On a heap you will see a few broken wheels, some levers, and cranks all eaten 
with rust. Not many years ago, these formed a magnificent motor car, a marine 
engine, or an aeroplane. Now their day is done. 

The same thing is happening with books. For a few pence we may purchase 
old editions of books which, in their day, werfc the pride of their possessors. 

In view of these remarks one may say that little more than ten years is the 
average effective life of some machinery and technical books. 

On this account, and the fact that the University of London has recently made 
a fundamental change in the conditions governing the award of degrees in 
Engineering, the author feels that no apology is necessary for adding yet another 
book on the subject of “ Float Engines”. 

In the treatment of this subject the author has endeavoured to reduce things 
to their first elements, so that the enquiring student may know why certain things 
happen, why gases follow definite laws, etc. 

For this reason the molecular theory has been introduced in the first chapter, 
and this theory (although it has its limitations) should become part of the mental 
machinery of students who wish to meet with success. 

There is very little to be remembered in the fundamental laws which control 
heat engines, but it is in their application whoro troubles arise. For this reason 
a large number of worked examples are included. 

Of course an elementary treatment of an involved subjoct cannot be expected 
to yield “Chemical Precision”, but it at least furnishes a guide for conducting 
actual tests. 

In writing this book the author has kept in mind the tremendous amount of 
ground which the student of to-day is expected to cover. On this account the 
work has been collated to form, it is hoped, a continuous logical narrative. 

Through the courtesy of the publishers, colours have been used freely, so 
“That he who runs may read”. The index is comprehensive, and, wherever 
possible, illustrations are adjacent to the text. 

According to Ruskin: “Many men fail to achieve success, not through in- 
sufficiency of means or impatience of labour, but because of a confused idea of 
the things to be done.” A coloured diagram, carrying all the information given 
in a particular question, is the first step in the direction of a successful solution. 
Next should come the equations which are likely to be used in the solution, and 
then the computations should be arranged so that additions and subtractions 
may be effected in the normal vertical manner, and that it is rarely necessary 
to write a figure a second time, or to do ancillary computations. 
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The same care should be exercised in laboratory work. First should come a 
sketch of the apparatus showing the points at which the measurements are to be 
taken, then arrange the tabulation so that computations may be made during 
the trial. 

The controlling measurements should be plotted directly from the observations, 
and the derived quantities obtained from the curves which have, at least, partly 
eliminated experimental errors. Wherever possible, independent measures should 
be made of the same quantity. 

Finally, books cannot be interrogated, therefore cannot teach. At their best 
they merely provide preliminary steps for reaching the far fuller and authorita- 
tive proceedings of learned societies. 

Hand in hand with reading should go practical experience, which is so essential 
for a correct understanding of the relative importance of things; whilst visits to 
scientific institutions, such as the Science Museum, South Kensington, enable 
one to consult the wisdom of the past ages, to perceive with astonishment the short 
time that separates us from the era of scientific barbarism, and to no longer wonder 
at the barbarism of the social order that oppresses us ; to see the gradual evolution 
of the different types of engines, and the fundamental unity which underlies the 
whole subject of Heat Engines. 

It would be impossible to refer in detail to the many authorities who have 
been consulted in the compilation of this work, but, so far as possible, when a 
definite quotation has been used, acknowledgement is made. 

1 am particularly grateful for the help 1 have received from: The Crossley 
Gas Engine Co.; A. J. Begg, Esq., Wh.Sc., B.Sc., of L. Gardner and Sons; 
Dr H. L. Guy, F.R.S., of Metropolitan Vickers; C. A. Parsons and Co. Ltd., The 
Parsons Marine Steam Turbine Go. for the use of blocks from their Technical 
Series; Electrolux, Ltd.; S.U. Carburettors; C. A. V. Bosch, Ltd.; Babcock and 
Wilcox, Ltd.; Cochran Boilers, Ltd.; Vacuum Oil Co. 

For permission to reprint examination papers acknowledgement is made of the 
courtesy of the Controller of H.M. Stationery Office, the Senate of the London 
University, and the Institution of Mechanical Engineers. 

The author would express his gratitude, and offer his sincere t.hnnlra to 
his late colleagues, Mr Louis Toft, M.Sc. and Mr D. M. Crawford, M.Sc., to 
Mr H. Hampson, M.Sc.Tech. and Mr D. Tagg, B.Sc. for checking the manuscript, 
and making many suggestions which, he trusts, have increased both the 
clarity and the value of the work. He would also thank the households of those 
quiet homes, near the moors and by the sea, where so much of t his work was 
written. 


D. A.W. 





CHAPTER I 


INTRODUCTORY 

Throughout the ages man has been striving for more and more power, that he 
might be invested with authority. Unfortunately many men are possessed of the 
same desires, so weapons were devised for establishing the local superiority of 
one or the other man. 

Not content with local superiority, man later pressed the horse into service 
for transporting and operating his larger war machines, and it appears that ever 
since then man’s inventiveness and skill have been concentrated on perfecting 
and developing these machines. 

The carpenters employed in the production of old armaments soon exhausted 
the capabilities of the horse, and then thesa men turned to harnessing the wind 
and flowing water for the development of physical power. 

, Through lack of men skilled in the manipulation of metals — rather than lack 
of inventiveness — these wind and water mills continued for centuries; and it was 
only by the discovery of Gunpowder that the necessity for metal workers became 
acute. 

As the demand became satisfied, man turned his attention to the possibility 
of using the tremendous forces developed by explosions for doing useful work. 
However, the great difficulty of converting the Kinetic Energy of a projectile 
into useful mechanical work has prevented the development of this engine; and 
it was not until a.d. 1780, when Watt employed the condensable properties of 
steam for driving a piston, that any progress in the development of power from 
fuels was made. 

Unfortunately* the fuels on which civilisation depends so much are gradually 
being consumed, and must eventually become exhausted, and then men will try 
to utilise, and may wage wars to secure, stores of energy which may now seem in- 
significant, and out of reach. Let us then take a survey of the Sources of power. 

There are seven sources of power, but all have their common origin in the 
sun, thus: 

Sun’s rays : In tropical climates solar rays have been used directly for the 
generation of power by employing a parabolic mirror to concentrate the rays on 
to a boiler, or the cylinder of a hot air engine.')' 

The boiler, employed in Egypt, took the form of a long tube from which hung 
a narrow deep rectangular chamber for the reception of water. The boiler was 

* Prof. Egerton, “Powor and Combustion”, Thomas Hawksley lecture, Nov. 16, 1940, 
Proc. Inat. Mach. Eng. 

f On one square foot in Egypt the heat energy received per annum from the sun is 
about 600 h.p. hours. Over the whole world the heat received from the sun is equivalent 
to 60 times the world’s output of coal. 
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completely sheathed in glass, as a protection against convective heat losses, and 
was placed at the focus of the parabola formed from rectangular strips of mirror 
which were carried on a steel frame. 

In the system devised by Capt. Ericsson, about 100 years ago, the mirror 
resembled that of a motor-car head lamp, so that the rays converged on to a point, 
and not a line, as in the case of the steam boiler. The displacer cylinder of the hot 
air engine was placed at the focus of a paraboloid, and, under favourable con- 
ditions, a small amount of power was developed. 

At the present time, 1940, Selenium cells have been employed to develop 
electrical energy directly from incident light, but, as with steam and hot air, 
the amount of power developed is very small compared with the potential 



power concentrated in the rays. The power is also periodic, and a special 
mechanism has to bo devised to enable the mirrors to follow the course of the sun 

research™ ^ th ° 8e defectS ’ n ° ne of the methods hold out much promise for 

Sea: Tides are due to the joint action of the sun and the moon; the change in 
eve e ween high and low tide renders energy available, provided sufficient 
*ater can be impounded at high tide, and released at low tide through a water 

Th^cr f S & Dat T l 8i u 19 available ’ the ci ^ engineering costs of erecting 
H^d t? g s f ° r im .P < ? u 1 ndl "8 the requisite amount of water may be prohibitive 8 

been ^ ™ ,ld haT “ 

Water: A change in elevation of water may be effeoted by first evaporating the 
wator.aUowmg it to nse as steam, and then condensing the steam Mature this 
cycle gees on continuously, the sun acting a. a wateTpnmp 
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For the continuous development of power from water it would appear that 
all we require is 

(а) Suitable rainfall. 

(б) Suitable difference of elevation. 

(c) Suitable storage at the elevation, to tide over droughts. 

(d) A water turbine, and some means of transmitting the power developed. 

Wind: Unequal heating of the atmosphere by the sun produces air currents, 

which when deflected through an angle produce a force that may be used for 
propulsion or the working of windmills. 

In Arctic Regions one can count on an air stream fifty miles wide, 1 '* and 
several hundred feet deep, moving almost continuously at about 50 m.p.h. 

Similar conditions obtain in South Crimea, where a Windmill Power Station, 
developing 10,000 kVA, is contemplated. * 

Animal: Animal life is dependent on the sjjun for its existence, and centuries ago 
it was the only source of power. Although it |s used to a much less extent now, the 
horse is still regarded as the unit for the measurement of mechanical power. Thus 
we have one h.p. which represents 33,000 ft.-lb. of work per min. 

Incidentally, the mechanical power developed by animals in comparison with 
the heating value of the food eaten is so great that one may be certain that the 
mechanism of conversion does not depend on a heat engine cycle. It must more 
closely resemble the chemical action in an electric battery. 

Vegetable: Vegetation matured by the sun may be used directly as a fuel ; it 
may be used to produce alcohol, and then this spirit used in an engine; or by a 
combination of pressure, temperature, and time, it may be converted into 
lignite or coal. 

Terrestrial heat:*]- Natural steam escapes in many parts of the world. At 
Tuscany in Italy about 52,000 lb. of steam are available per hour at a pressure 
varying from 60 to 2501b. per sq. in. 

At the present time coal provides about two-thirds of the total power developed 
in the world. 

From the previous resume on the Sources of Power it will be seen that in most 
countries fuels form the chief source of power. Now to convert a fuel into mech- 
anical energy involves first, conversion into heat, which is a chemical action, then 
secondly this heat is transmitted to a working fluid so as to produce pressure 
energy and kinetic energy, and finally, a mechanism is required to deliver this 
energy in the desired form. 

The transmission of this heat, and the subsequent behaviour of the working 
fluid, are governed by Physical and Chemical Laws, whilst the design of the engine 
mechanism demands a comprehensive knowledge of materials and mechanisms. 
Without this knowledge, combined with experience in the field (which tests 
the limitation of our knowledge), man cannot really be called an engineer. 

* If the same number of sailing ships were now engaged as in 1860, about 13 million 
tons of coal would be saved annually. 

t A. H. Gibson, Natural Sources of Energy , Cambridge University Press, 1913. 
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On the nature of materials available to engineers. 

After centurieB of work in reducing material into its simplest forms, both in 
substance and amount, chemists have found that there are but ninety-two kinds 
of fundamental materials from which, by a synthetic process, all other substances, 
however complicated, are produced. 

By various methods substances have been split up and split up until at last they 
have resisted all efforts to subdivide them into anything simpler; i.e. they have 
been reduced to elemental form, and are therefore known as Elements. 

Now although an element represents the simplest form in which a substance 
may exist, yet elements themselves are built up of very small particles known as 
Atoms — the word atom meaning indivisible. 

Modern science teaches us that atoms themselves are composed of a central 
nucleus positively charged with electricity and in which most of the mass of the 
atom is concentrated. Around the nucleus are negatively charged particles 
known as Electrons? The distance between the electrons and the nucleus is so 
great compared with the dimensions of the nucleus that an atom is mainly 
empty space, and if all the atoms in the world were compressed solid, we would 
have an immensely heavy object about the size of an orange. 

In dealing with the separation of materials, e.g. oil from water, dust from 
flue gas, etc., progressive engineers must know something about the structure 
of an atom, but generally engineers are more concerned with the smallest part 
of an element that can be isolated, since this represents the fundamental brick 
that goes to build their machines or produce the driving force in the World. 

Now the smallest number of atoms that can exist alone, and in this way con- 
stitute one of Nature’s building bricks, is known as a Molecule, and the number 
of atoms that go to form a molecule depend entirely on the element.! 

Some atoms, e.g. Argon and Helium, like some individuals, can lead a solitary 
existence; so that the molecules are said to be Monatomic. Generally, however, 
two or more atoms are linked together to form a molecule, giving rise to Diatomic, 
Triatomic, or Polyatomic substances. 

We have no definite conception of what molecules are like, but for our purpose 
it is sufficient to imagine that the atoms, constituting the molecules, are perfectly 
elastic spheres of great rigidity. A diatomic molecule may therefore be con- 
sidered as resembling a dumb-bell. Triatomic would have each atom on the 
corner of an equilateral triangle, whilst polyatomic substances have their atoms 
arranged on the corners of a polyhedron. 

It should be observed that substances like carbon and sulphur are capable of 
varying the number of atoms per molecule. 

Although molecules may be regarded as Nature’s building bricks, yet unlike 
ordinary bricks, they are not uniform in weight, neither are they stationary, but 
move about with tremendous speed. 

* The electron has a mass 1/1840 of the hydrogen atom, 
f At very high temperatures it is possible for atoms to exist independently. 
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The molecular world. 

Some conception of the molecular world may be gained from the following 
figures, which refer to air at 0° C. and 30 in. barometer. 

Velocity = 459 metres per sec. = 1028 m.p.h. 

There are about 27 x 10 18 molecules in 1 cu. cm. 

Diameter of molecule = 5 x 10 8 cm. 

Mean distance apart = 3 x 10~ 6 cm. 

In one cubic centimetre of air there are about 5000 million collisions every second. 

No direct proof is yet available of the hypothesis that elements consist of 
molecules in motion, and that these molecules obey dynamical laws, i.e. Newton’s 
Laws of Motion. However, we have experimental justifications for this hypothesis, 
on which is based the Kinetic theory of g$ses originated by Clerk Maxwell, 
and the Quantum Theory, of Max Planck,* how explains several departures of 
observed facts from the older mechanical conception of molecular motion. 

The mass of a molecule. 

To engineers the mass of a molecule is a quantity of some importance, although 
it will be appreciated, from the values given above, that the mass of an equi- 
valent molecule of, even air, is an extremely small quantity. 

Tn fact, if one could imagine detaching a molecule, with the object of weighing it 
on a chemical balance,! the normal supply of weights would be of no value what 
ever, and even if the weights M ere reduced to molecular dimensions they would 
only be of value for tlic direct weighing of molecules heavier than themselves. 

In view of this difficulty scientists, many years ago, conceived the idea of using 
the lightest molecule, then known, as the unit by which the masses of others 
were compared. 

This particular molecule was that of hydrogen, w hich contains two atoms, each 
of w r hich were regarded as possessing unit mass. To balance 1 molecule of oxygen 
requires 16 molecules of hydrogen each of which weighs 2 units; hence the mole- 
cular weight of oxygen is 32 and its atomic weight is 16. 

The atomic and molecular weights of molecules, with which we will be dealing, 
are given below. 

Tabulated values of atomic and molecular weights. 


Substance 

Symbol 

Atomic 

weight 

Molecular 
weight, M 

Hydrogen 

H 

1 

2 

Oxygen 

O 

16 

32 

Nitrogen 

N 

14 

28 

Carbon 

C 

12 

— 

Sulphur J 

s 

32 

— 


* See p. 40. 

t The weight of a hydrogen atom bears about the same proportion to the weight of the 
smallest shot obtainable that the weight of a man bears to the earth, and a balloon filled 
with Hydrogen has a lift 93 % of that in which a vacuum exists. % 
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THE KINETIC THEORY OF GASES 

The kinetic theory is concerned only with the physical properties of gases when 
chemical change is not taking place. The theory, by considering all matter as 
composed of a great number of molecules in motion, explains the cause of pres- 
sure, temperature, density, diffusion, dissociation, conduction and viscosity, and 
provides one with a fountain of knowledge if a few simple facts are remembered. 


Pressure, p. 

Pressure is defined as force per unit area, and the pressure exerted on a surface 
by a gas is due entirely to the bombardment of this surface by the molecules of 
which the gas is composed. If the gas were so attenuated that molecular impacts 
were distinguishable the idea of pressure would vanish. 

To evaluate the relation between pressure and the velocity of the molecules 
we consider an average molecule of mass m and ascribe to it a mean speed — not 
the arithmetic mean— but a speed which, when possessed by an equivalent set 
of molecules each of mass m, will create the same pressure on the walls of 
the container as the actual pressure. Hence an equalised distribution replaoes 


the actual. 

Except during encounters the molecules will move in straight lines, so that 
their velocity V may be split up into com- 
ponents parallel to the co-ordinate axes, thus: 

From Fig. 2, 

F 2 = FJ + FJ+F*. 

Let F 2 be the average value of F 2 for all the 
n molecules in a volume of gas, then 

F 2 = F 2 +F’ + F? (1) 

Now since we postulated that the average 
velocity was distributed uniformly along the 
axes, the average molecule must move at 
cos -1 1/^/3 to the co-ordinate axes; whence 



K - V, = 7r ( 2 ) 

By (2) in (1), F 2 = 3F|. (3) 


Hence in a volume of gas containing n molecules the kinetic energy (k.e.) of 
the molecules, due to the components parallel to OX, 



( 4 ) 
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By (3) in (4), 


m V 2 

K - E '=2 B y 


l 72 

2 3’ 


717) 

i.e. we can consider — as due to one-third of the molecules moving with 


velocity V parallel to OX. In this way oblique impacts are replaced by normal 
impacts, whence 

Impulse of molecule = m\ F— ( — V)] = 2m V. 


By Newton’s Law, force is impulse divided by the time to effect the change 
in velocity. We do not know the time to change the velocity, so we cannot deter- 
mine the value of a single impulse — nor is this required — we want the average 
pressure and we can obtain this by estimating the number of impacts per second 
in a rectangular parallelepiped of sides x , y , 2 , 

Volume of parallelepiped = xyz , and if, in unit volume, there are n molecules, 
then the molecules in volume xyz are nxyz j; from the previous reasoning one- 
third of the molecules may be considered nioving parallel to the x axis with 
velocity F, whence the time that must elapse between successive impacts = 2x/V, 
since the molecule has to travel twice the length of the parallelepiped before it 
can again strike face yz. 

Hence 

V 

Impacts per second — — per molecule, 


Rate of change of momentum = $ xyz\ 




Force 


= Rate of change of momentum 
= Pressure x Area. 


n 


pxyxz=-xy, 


il)^ 


V =|(wF 2 ). 

But mn is the mass of unit volume, i.e. the density, p, whence (in absolute 
units) 

f = \pVK , (5) 

■V 2 

Or, pv g = -g- , 

where v s is the volume occupied by unit mass, i.e. the specific volume of the 
gas, which is 1/p. 


Temperature. 

The temperature of a body is a measure of the thermal potential— elevation 
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or head — of heat, and determines the direction in which heat flows unaided from 
a hot body to a cold body, just as water flows naturally down hill. 

Temperature is most usually measured by a mercury thermometer, which is 
calibrated by placing it in melted ice and marking the level of the mercury; the 
thermometer is then placed in water boiling at the normal barometric pressure 
of 30 in. and a second mark made. 

If the distance between the marks is divided into 100 parts, we have the Centi- 
grade scale ; and if into 180 parts, it is the Fahrenheit scale. For the measurement 
of considerably higher temperatures the mercury is put under the pressure of an 
inert gas — often nitrogen — and even then the thermometer is not particularly 
accurate. 

A more precise method of temperature measurement, though less convenient, 
is afforded by the use of a gas thermometer in which the expansion of a permanent 
gas,* which is maintained at constant pressure, is observed. This scale agrees 
very closely with the Thermodynamic scale of temperature, which is in- 
dependent of the expanding substance. On this basis temperature may be 

regarded as tin- mean kineticencrgyofapartideof])erfectgas,seeequation (2), p.0. 

Scales of temperature. 

The freezing point of water on the Centigrade scale is defined by 0° and on the 
Fahrenheit by 32°. This false zero 32°, in addition to the 180 divisions between 
freezing and boiling points, introduces considerable obstructions in calculations; 
so that scientific men of all races use, and think, in terms of the Centigrade scale. 
A further advantage is, that on this scale, the universal gas constant is almost 
twico Joule’s equivalent. 

In England practical engineers are brought up on the Fahrenheit scale, and 
can think only in terms of it. Now since these men have but few computations 
to make there is no particular objection to the freezing point being at 32°. For 
scientific investigations, however, it offers chances of error which we cannot 
afford to risk, so that in this book the Fahrenheit scale is used but on few occasions. 

Relations between temperature, pressure and volume. 

In 181fi Gay-Lussac showed by experiment that gas at a temperature far 
above its liquefaction point obeyed the law 

p = kp(l+at), (1) 

■where p = pressure in absolute units, 
p = density at temperature t, 

t = tomperature measured above freezing point of water, 
a and k are constants. 

No gas obeys this law rigorously, especially for negative values of t, i.e. tem- 
peratures below freezing point. However, to simplify thermodynamic investiga- 

* See p. 9. 
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tions we can imagine that a gas does conform exactly to the above law, and for 
this reason the gas is named a Perfect or Permanent gas.* 

Equating (5) on p. 7 to (I) on p. 6, 

P — — kp(l+at) = %mnV 2 . (2) 

V = Sk(l +at). (3) 


By (2) it will be scon that the kinetic energy 1 m V - of a molecule depends only 
on the temperature of a gas, and that this kinetic energy is zero when (1 + at) = 0, 



Experimentally the value of a can be determined by keeping the pressure 
constant and plotting the specific volume v a *= 1 Ip against t, thus: 



From Fig. 3, 


yK = (1 +at), 


p \pf 


When t — 0 the volume intercept is kip and the slope of the graph is {(k/p) a}. 

Slope 


a = 


Intercept ’ 

By shifting the origin from O to O v and measuring the new temperature T 
from this new origin, we have 

k 


v — -aT 
* P 


V 


(1 + at). 


aT — l+at. 


■W 

.(5) 


* Gases which obey this law were at one time considered unliquefiable, and therefore 
they were regarded as permanent. 
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By (5) in (3), V = & Wf, 

bo that when T = 0, V = 0. 

Hence molecular motion has ceased at this particular temperature, and for 
this reason when T = 0 we have the absolute zero of temperature, and T is 
known as the absolute temperature of the gas. Temperatures measured from 
this zero are named Degrees Kelvin, K, on the Centrigrade scale, and degrees 
Rankine, R, on the Fahrenheit scale. 

To find the temperature on the Centigrade scale corresponding to T — 0 we have 


0 = - + t. By experiment - = 273-1, whence t - -- = —273-1°. 

a a, a 

Hence to convert ordinary Centigrade temperatures to absolute temperatures 

or degrees Kelvin add 273°. With Fahrenheit units add 273-1 x if# — 492° to 

the reading in excess of 32° or 460° to the actual thermometer reading. 

By (5) in (2), p. 9, 

p = \pV 2 = kpaT (in absolute units) 

/ V 2 ka\ 

or pv„ = RT (in engineer’s units)*, where | T = - R = —J (6) 


Equation (6) is known as the Characteristic equation of permanent 
gases, and R the Characteristic gas constant. 

Although R is constant, over a limited temperature range, for any particular 
gas, its value depends upon the gas in question, and if simultaneous values of 
temperature, pressure and volume are known the value of R may be derived 
from the equation vv 


In engineering problems we rarely deal with one lb. of substance, as a rule it 
is wlb., in which case the specific volume v„ in (6) is replaced by v, and R by wR; 
whence the most general equation for all weights, volumes, pressures and tem- 
peratures of a gas is p v _ w j^ j> % ^ 


Dividing by T, (7) becomes 


pv 

T 


= wR, 


= etc. = wR. 


.( 8 ) 


or, if several states of the gas are known, we can eliminate wR and write 

PiV 1 _p i v J 

Ti T 2 

This is a very useful equation in the study of internal combustion engines, 
because it can be rendered non-dimensional and does not involve a knowledge of 
R or w y so long as these are constant during the change of state, 

♦ If v g is in ou. ft. per lb., p is the absolute pressure in lb. per sq. ft., i.e. gauge pressure 
-f barometric pressure. 
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Normal temperature and pressure (n.t.p.). 

The equation pv s = RT is represented by a surface (Fig. 4) which contains an 
infinite number of points each of which represents a particular state of the gas. 

Now to compare volumes of gases, or what is usually more important, tTheir 
masses or weights, it is necessary to specify a particular temperature and pressure 
at which the volume was measured. 

The temperature selected is 0° C. and the pressure 30 in. barometer or 14-7* lb. 
per sq. in. These values are referred to as normal temperature and pressure, 
and represent the state at which tho density of a gas is usually expressed. 



Fig. 4. The surface representing the law pv 8 •* Rl\ 


To determine the weight of a volume of gas at a temperature T and pressure p, 
when R is unknown, first use equation (8) to reduce it to its n.t.p. value p^v^T^ 

thUS: 2? - ?«!• - W R 


i.e. 


T T 0 
pT a 

v » = p7t xv ' 


But - R, 

-*■0 

where v 80 is the specific volume at n.t.p. 

* Some authors refer to the condition 0° C. and 29*92 in. of Hg (corresponding to 14*7 lb. 
per sq. in.) as standard temperature and pressure (s.t.p.), and 30 in. Hg and 60° F. as 
normal temperature and pressure. 
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, V v - P nV °- - 

'• T ~ T 0 T 0 ’ 

*’,0 LPo T ?; «oJ 


Ex. One pound of dry air at n.t.p. displaces 12-391 cubic feet. What is the value of the 
characteristic gas constant in lb. -ft. per ° C. and lb. -ft. per 1 . ? 

T1 pv 14-7x144x12-391 _ oso 

" — rji — 273 

95*9 

In Fahrenheit units, 72 = ^ /r - = 53*18. 


Ex. When obtaining the calorific value of coal gas the meter recorded a consumption 
of 3 cu. ft. at 15° 0. and at a pressure of 3$ in. of water. What is the consumption referred 
to n.t.p. conditions if, during the test, the barometric pressure was 29 in.? Relative 
density of mercury, 13*6. 

/Vo_/Vi 



= 3 


29 + 


3*25 

13*0 


30 


273 

288 


~ 2*773 cu. ft. 


Ex. Find the weight of 100 eu. ft. of air at 15 lb. per sq. in. and 00° F. if R = 53*2 ft. -lb. 
I jcr ° V - pv = wRT. 


15x144x100 
53-2 (400 + 00) 


7-85 lb. 


Density, p. 

The density of a substance, in engineers’ units, may be defined as its mass per 
unit volume; thus we say a gas weighs so many pounds per cubic foot. 

If our molecular theory is correct, p must depend on the number of molecules 
in unit volume of the gas and upon the weight of individual molecules. Now 
chemists have determined the relative weights of molecules, and have shown 
that only molecules enter into chemical action. 

Considering therefore two gases A and B, A containing n A molecules per 
cubic foot at n.t.p. and B containing n B molecules per cubic foot at n.t.p., then 
if one molecule of A combines with x molecules of B and v A and v B are the volumes 
at n.t.p. that enter into combination, 

= ~ = Constant. 

1 

Avogadro found by experimenting on the chemical combination of various 
volumes of different gases that, if no gas was to be left uncombined, the 
ratio v B /v A was constant and equal to x. It follows therefore that n B /n A = 1, 
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i.e. equal volumes of different gases at the same temperature and 
pressure contain the same number of molecules. This important con- 
clusion is known as Avogadro’s Law. 

By means of this law, knowing the molecular weight of an elemental gas, the 
density of all others can be computed, thus: 

Let w A be the weight of a molecule in gas A and w B be the corresponding value 

for B, then the density of A is „ _ 

Pa ~~ nw A > 

and of B, p B — nw B . 


... 

PlJ W B ’ 


( 1 ) 


i.e. the ratio of the densities of gases is the same as the ratio of the molecular 
weights. 

If then the density of one gas is known, the density of all others may be computed 
from the knowledge of the molecular weight? and equation (1). 


Tabulated molecular weights, M. 

In tables of physical constants will be found the atomic and molecular weights 
of all elements, those of greatest interest to the engineer being given in the table 
on p. 5. 

From the reasoning on p. 5 it will be appreciated that these tabulated values 
are not the true weights of a molecule in pounds or grams, since the extremely 
small dimensions of a molecule would mean that to express its weight in pounds 
would introduce an inconveniently small number. Early scientists therefore 
sought for the lightest atom (which they found to be hydrogen) and used this as 
the unit by which the weights of all other atoms were computed. 

The introduction of this relative measure frequently causes practical engineers, 
who are used to dealing with pounds and shovelfuls, considerable trouble. To 
make the molecular weight a real quantity, therefore, I propose to multiply the 
tabulated values by some constant m, so that the product m x Tabulated mole- 
cular weight represents the real weight of a molecule in lb., thus: 

2m is the weight of a molecule of hydrogen in lb., 

32m is the weight of a molecule of oxygen in lb. 

m of course is extremely small, but its numerical value we never require, 

28 x 10~ 25 

although as a matter of interest it is ~Yx4M~ ’ this va * ue being derived from the 

knowledge that the atomic weight of hydrogen is 14 x 10~ 26 grams, there are two 
atoms in a molecule of hydrogen and there arc 454 grams in one pound. 

The density of hydrogen at 0° C. and 30 in. of mercury (n.t.p.) is known to be 
0-00559 lb. per cu. ft. Hence by equation (1) above. 

p A — nw A — nxmx Tabulated molecular weight. 
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0-00559 = »xmx2; 
0-00559 1 * 

»*» = — rises’ 


Hence the density p of any other gas is 


nxmx Tabulated molecular weight = 


Tabulated molecular weight 
358 


From this we conclude that the weight in lb. of 358 cu. ft. of any gas at 
N.T.P. is equal to the tabulated molecular weight. Whence 358 cu. ft. of 

hydrogen, under the specified conditions, weighs 2 lb., whilst an equal volume of 
oxygen weighs 32 lb., and so on. 

Such a volume of gas is known as a Mol, and is a more convenient unit than 
a cubic footf; the misfortune is that such a quantity was not introduced before 
the foot, otherwise we might have had a better system of units. 

From equation (7), p. 10, 

pv = wRT. 

Now one mol of gas at n.t.p. displaces 358 cu. ft. 


pv 14-7x 144x358 
T = 273 


= wR = 2780. 


This constant 2780 is known as the Universal gas constant because it applies 
to all gases, and mixtures of gases, that are far removed from the vapour state. 

In the equation wR = 27 80, w is a number equal to the molecular weight; hence 

2780 

or any gas Tabulated molecular weight of gas 

From (1) we see that, although the Universal gas constant is invariable, yet 
the characteristic gas constant varies inversely with the molecular weight of the 
gas, and iB in this respect at a disadvantage. 


Ex. If the equivalent molecular weight of air is 28-97, what is its specific volume at 
N.T.r. and also the value of its characteristic constant? 

Since 28-97 lb. of air at n.t.p. displaces 358 cu. ft., then the specific volume 


358 
= 28-97 


1236. 


Characteristic constant = 


2780 

28-97 


96 lb. ft. per ° C. 


Ex. A certain gas with a molecular weight of 28 occupies 12-8 cu. ft. per lb. What volume 
will 1 lb. of another gas oocupy if its molecular weight is 32? 


* 367-8 is considered a better value, although 358 is most widely used, as it is divisible 
by two and most gases used in engineering are diatomic, 
t A mol may be regarded as a cube of about 7 ft. edge. 
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Density = p = — = mxnx Molecular weight. 

v 9 

v s2 mxnx 28 
v al ~ wxnx32 

9fi 

v s2 = x 12*8 = 11*2 cu. ft. per lb. 

Ex. Gas mixture. (I.C.E.) 

Calculate the weight of 0-066 cu. ft. of a combustible gas at 0° C. and 14*7 lb. per 
sq. in. absolute if its molecular weight is 14*2. 

If this weight of gas is contained in 0*038 lb. of a gas air mixture, estimate the pro- 
portion by volume of gas to air. Take the molecular weight of air as 28-9. 

Since the gas is at n.t.p. its mass is 

x 0 066 = 0 00262 lb. 

358 

To convert from analysis by weight to analysis by volume divide the mass of each 
constituent by its molecular weight (see p. 512); 


Constituent 

Maas 

1 

Molecular weight 

Parts by 
volume 

Air 

0-03538 

1 

28*9 

1-2230 

Gas 

0 00262 

1 

14~2 

0-1843 

Total 

0-03800 



Proportions by volume are 1-2230 to 0-1843; 1 to 6*63. 

Heat. 

Heat may be defined as molecular energy, and equation (2), p. 9, shows that, 
for a given mass, the temperature of a body is a measure of its heat content. 

Even the savage realised, when making fires by rubbing sticks together, that 
some relation existed between heat and mechanical energy, but it was not until 
1843 that Joule,* of Salford, determined the numerical value of this relationship. 

With the crude equipment at his disposal, Joule found that, in the absence of 
losses, an expenditure of 772 ft. -lb. of energy would raise the temperature of 
lib. of water through 1°F., and when on his honeymoon in Switzerland Joule 
hoped to find a ■waterfall so great that he could obtain a more precise value of his 
Mechanical equivalent of heat ( J). 

At the present time the value of J , when the temperature is measured in degrees 
Fahrenheit, is taken as 778, but in Centigrade units this becomes 

778 x f ^ 1400. 

* When Joule presented a paper on this subject to the British Association, the chairman 
exhorted him to be brief. Had it not been for the youthful Thomson, this most important 
concept might have been strangled at birth. For a discussion on the dynamical treatment 
of heat see Phil. Mag, vol. xxxiii, p. 543 (1942). 
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The fact that heat and mechanical energy are mutually convertible constitutes 
the First Law of Thermodynamics. 


Heating a gas at constant volume. 

If heat is applied to a gas contained in a closed inelastic vessel, it must be used 
entirely in increasing the store of molecular energy, and for this reason the energy 
developed by the heat is said to be Internal energy (i.k.). 

Now from the kinetic theory the only types of energy that may be possessed 
by a molecule are: 

Translational kinetic energy, 

Rotational kinetic energy, 

Vibrational energy. 

Dynamical laws show that, for a given angular velocity, rotational energy 
depends upon the moment of inertia of the molecule, whilst vibrational energy is 
influenced by the elastic constraint of the vibrating atoms, and finally the mass 
of the molecule influences all three forms of energy. Let us then consider the 
total internal energy possessed by various gases. 


Monatomic gases. 


The dimensions of a monatomic molecule are so small that the only energy 
(of any importance) that it can store is Translatory Kinetic Energy and is given by 
wV 2 

- — f where u> is the weight of a molecule in pounds, and F is the velocity of 
Ig 

the molecule. 

In one cubic foot of gas at n.t.p. there are n molecules, and one mol of gas at 
n.t.p. displaces 358 cu. ft.; hence the internal energy in one mol of perfect gas at 


temperature T is 


_ wV 2 

3r>8n 

2g 


.( 1 ) 


where V 2 is the average of the F 2 . 

From equation (6), p. 10, it was shown that T — F 2 /3 Rg, whence substituting 
this value in (1), it will be seen that internal energy is proportional to absolute 
temperature. This is known as Joule’s Law of Internal Energy. 

Most people associate heat with temperature and express heat in terms of 
temperature, thus: 


Heat to raise w lb. of gas at constant volume through T degrees 


= tvC v T heat units, (2) 

where C v is the specific heat at constant volume. 


The unit of heat is the quantity of heat to raise one pound of water through 
one degree. If the degree is on the Centigrade scale, it is said to be a Centigrade 
heat unit (c.h.tj.); if on the Fahrenheit scale, a British thermal unit (b.t.xj.). In 



The Kinetic Theory of Gases 17 

both cases the specific heat of water is unity. That of any other substance is so 
many times that of water. 

If w were the weight of a mol of gas (i.e. the tabulated molecular weight), 
equations (1) and (2) may be equated if J is introduced into (1): 


(Tabulated molecular weight) x C c T = 


35 SnwV 2 


But on p. 10 it was shown that 


T = 


V\ 

3 V 


Therefore, by (4) in (3), 

(Tabulated molecular weight) x C „- 7 r- = — ; 

3 U(j ,J x 2g 

also mn = , 


Then 


w — Tabulated molecular weight x m. 
nw = Tabulated molecular weight xnxm 

Tabulated molecular weight 
= ~ 358 ' 


(4) 

(5) 


( 6 ) 


By (6) in (5), 

„ , , . , . . , , 1 Tabulated molecular weight 

Tabulated molecular weight x C„ x ■ = ^ — . 


But by (1), p. 14, 

Tabulated molecular weight x R — 2780. 
Hence, by (8) in (7), 

Tabulated molecular weight x C v = 3 



(7) 

(») 


J — 1400 on the Centigrade scale, whence 

(Tabulated molecular weight x C v ) === 3. 


The product [(Tabulated molecular weight) x (C r )J is denoted by K„, and is 
known as the Molar or Volumetric specific heat, because it refers to a mol, 
and the thing which is constant about a mol is its volume at n.t.f. ; hence the 
second appellation. Volumetric heat. 

The great advantage of volumetric heats is that a simple number 
expresses the specific heat of all gases having the same number of atoms 
per molecule. For a monatomic gas it has just been shown to be 3. 

In contrast with this simple figure the specific heat G v of 1 lb. of gas is given by 

I Tun = — — 1 , from which it will be seen that each gas has its 

LMolecular weight of gasj 

own particular specific heat C v and usually an inconvenient number at that. 
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Diatomic gases. 

If we imagine that a diatomic gas contains two atoms disposed in the form of 
a dumb-bell (see Fig. 5), and the moments of 
inertia of this molecule about the xx and zz axes 
are so great as to allow (by the equipartition 
of energy)* the rotary energy to be stored equal 
in amount to the translatory energy due to the 
component velocity along the axis of rotation, 
the molecule will have, in all, five degrees of 
freedom. Two-fifths of the heat energy supplied 
being utilised in increasing the rate at which 
the molecules spin; whilst the remaining three- 
fifths increases the translational energy, and 
therefore the pressure of the gas, and K v = 5. 

Triatomic and polyatomic gases. 

With three atoms, or more, per molecule, the moment of inertia of the molecule 
about yy is now of the same order as about xx and zz; hence one more degree of 
freedom is added, and the volumetric heat K v is raised to 6. 



Volumetric heats expressed in energy units per cubic foot of gas. 

When dealing with internal combustion engines the mol is an inconveniently 
large unit, and engineers can more readily appreciate the meaning of energy 
when expressed in ft.-lb., rather than in heat units. For their convenience, then, 
the volumetric heat, in ft.-lb. per standard cubic foot atN.T.p., hasbeenintroduced. 

For a diatomic gas the specific heat per s.c.F., at con- 
stant volume, is approximately 

x 1100 = 19-5 ft.-lb. per cu. ft. per ’ 0. 


Heating a gas at constant pressure. 

The application of heat to unit weight or volume of 
gas trapped beneath a frictionless but gas tight piston, 
that imposes a pressure p on the gas, will cause the 
molecules to bombard the piston so violently that the 
piston will rise in order to maintain equilibrium of forces. 

To raise the piston weighing w lb. through h ft. 
involves the expenditure of wh ft.-lb. of energy, whilst 
at the same time the temperature rise indicates that 
molecular energy has also increased to the same extent 
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Fig. e. 


* Clerk Maxwell showed that the total kinetic energy of a molecule divides itself equally 
among the degrees of freedom, whether these be internal or external. 
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as if the same temperature rise had been experienced at constant volume, since 
from p. 10 

V ^^3kaT. 

y 2 

Kinetic energy = — is proportional to temperature. 

Since we cannot create energy, both forms of energy must have been derived 
from the applied heat; whence we have by, the Conservation of Energy the 

most important relation : 

Quantity of heat added = Work done + Change in internal energy. 


Symbolically Q = pv -f i.e., ; ( 1 ) 

or to be more exact dQ = pdv + d(T.p.). (2) 


These quantities of heat being in consistent units, i.e. as written, they will 
be in ft. -lb.; alternatively in heat units we have 


Total heat H is defined as £=- + i.e. 


dQ = ^f + d{ I.E.). 
pv 


Hence by (3) 


... dH = 'f + 'f + d(r.v.). 
dQ = dll — -j - . 


(3) 


Application of equation (3) to the heating of one mol of gas. 

If the volume remains constant dv — 0, whence dQ = d(i.K.). 

But bythe definition of specificheat the heat added per mol at constantvolume 

= dQ = K v dT = d( i.e.). (4) 


K = dH * 
0 dT 


.(5) 


If K v is constant, then, on integrating (4), the change in i.e. = K V (T~ — 7^) per mol. 

* This instantaneous value of specific heat (i.e. the True specific heat) is not of 
great importance to engineers, who are concerned with the heat to be supplied to bring 
about a finite change in temperature, i.e. the Mean specific heat. 

For a temperature change T 1 to T 2 the moan specific heat is 

[ dQ j ’'K v dT 

t^Ti = ~T^TT’ 

where K v is the true specific heat. 

rr t 

It should be observed that K v dT is the change in internal energy, and therefore 

J r, 

plotting (i.e.) on a base of T gives a curve, the average slope of which is the mean volumetrio 
heat of the gas. 

a-* 


572.4 
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Similarly, at constant pressure the heat added ( dQ ), which is now of different 
magnitude from the previous dQ , is given by 

dQ = K p (dT) = + i.e.). (6) 

By Joule’s Law for the same temperature rise the increase in internal energy 
is independent of the method of heating, so by (4) in (6) 

dQ =K p (dT) = P -y+K v (dT) 


or (K p - K v ) - j" . (7) 

But per mol of gas pv = 2780 T. 

Differentiating this expression with respect to temperature, and remembering 
that p is constant, we have , 

p d ' r = 2780. (8) 

Substituting (8) in (7), 

2780 

(K p -K v )=j^= 1-985. (9) 


We may consider this as 2; so that for a monatomic gas K p — 5, diatomic 
K v = 7, and triatomic K p = 8. 


Ratio of specific heats, y = 

A„ 

This quantity is of great importance in adiabatic operations. 


By (»). 




* K *s=— -- 

v r-i 


In the pound system of units, since K v = MG V , K p = MC p (see p. 17). The 

expressions corresponding to ( 9 ), (10) and (11) are 

(n n . 2780 R ' 

( C p-L») = -jjj = j (seep. 14). ...o.(12) 

Taking C v out as a common factor gives 
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Ex. Calculate B, G v and C„ for one mol of CO, and also 1 lb., assuming that CO, is 
sufficiently removed from the vapour state to obey the kinetio theory. 

“-A 

and therefore it is triatomic; hence 


= 6 and K v ~ 7-985. 

The universal gas constant is 2780, and since the molecular weight of CO, is 44, then 

c.-i- 01362, 

A»». 


Ex. Change of internal energy during compression* (London B.Sc.) 

A quantity of a certain gas is compressed from the initial state of 3 cu. ft. and 
15 lb. per sq. in. to a final condition of 1-2 cu. ft. and 58 lb. per sq. in. 

If the specific heat of the gas at constant volume is 0*173 and at constant pressure 
0*244 and the observed temperature rise is 146° C. } calculate the change of internal 
energy. 

Change in i.e. = wC v (T 2 —T 1 ). (1) 

To determine w, = v^RT Xi p 2 v 2 = wRT 2 . 

wBtT^-TJ = (p 2 v 2 - Pi Vi). 

J(C P —C V ) = B = 1400(0-244 — 0-173), 


(58x1-2-15x3)144 
1400 x 6-071 x 146 


0-2443 lb. 


Increase in i.e. = 0*2443 x 0*1 73 x 146 

= 6*19 u.h.tj. or 8666 ft. -lb. 


Ex. Constant pressure heating of air. (I.M.E.) 

Three cubic feet of air at 200 lb. per sq. in. and 175° C. expand at constant pressure 
to 9 cu. ft. Find the temperature at the end of the expansion, the work done during 
expansion and the change of internal energy of the air. 

R = 96, C v = 0*17. 

* Heat added = Work done + Change in i.e. 

For tv lb. of gas this becomes 

u>C p (T,-Ti) = j (vt-vJ + wC^Tz-TJ, (1) 


(C,-C v ) = 


R 

J 

96 

1400 


and 


P\*l 


P t v t 


Ti T t 

+0-17 = 0-2386. 


(2) 
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By (2), 
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T t = T , = (175 + 273)| = 1343° 0. 

O 


273 


Temperature at end of expansion = 1070 ° 0. 
Work done during expansion: 

200 x 144(9-3) = 172,800 ft.-lb. 
pv _ 200 x 144 ><3 _ 2#01 lb 


W : 


ET 96x448 
•. Change in i.e. = 2-01 x 0*17(1343 — 448) = 306 c.H.u. 
Work done 


Alternatively the change in i.e. = 


7-1 


(see p. 52). 


Ex. Pressure and volume changes due to heat additions. 

For temperatures below 500° C. the volumotric heat of diatomic gases at constant 
pressure may be taken as 7. If 150 c.H.u. are added to 1 mol of this gas at n.t.p., cal- 
culate 

(а) the temperature and volume changes if the heat addition is at constant pressure; 

(б) the temperature and pressure changes if the heat addition is at constant volume. 

Heat added = Work dono+ Change in i.e. 

dH «^%d(i.E.). 


If the change takes place at constant pressure, then 

dH = K V {T X - 273) = 7(T 1 -273) = 150. 


/• 


150 

.*. 7\ = ~ + 273 = 294 - 4 ° C. 


PaVo_PiVi 

T ~ T ' 
J o 1 1 


294-4 

.*. v l = 358 x = 386-3 cu. ft. 


If the volume remains constant, the work done is zero, and 

K v = (7-1-985) =5-015, 

whence 150 = 5-015(T, -273), 

7'! = 302-9° C. 

302*9 

Pi = 14-7 x = 16-3 lb. per sq. in. 


The dimensions of specific heat. 

It has been said that the specific heat of water is unity, and that of any other 
substance is so many times that of water. On this basis specific heat would appear 
to be a ratio and therefore dimensionless, but the specific heat of water has the 
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Heat 

dimensions ^ 8S temperature ' ^ f°H° ws therefore that the specific heat of any 

other substance has this dimension. At this stage it is best to regard heat and 
temperature as having separate dimensions as fundamental as mass, length and 
time. 


Diffusion. 

The mixing of liquids and gases may be explained by the kinetic theory in the 
following way. Imagine that we have two gases separated by a diaphragm which 
is suddenly removed; the molecules of one gas will invade those of the other, and 
gradually the mean kinetic energies of the two gases will be equalised, producing 
uniform temperature throughout the mixture* 

Dissociation. 

In a mixture of gases the weight of the molecules of the mixed gases and their 
respective velocities are very different, and when the temperature is high enough, 
the molecular encounters may be so violent as to split up the compound mole- 
cules into their elements. 

This separation may be only temporary; given the right conditions, recom- 
bination will proceed at one part of the gas, whilst dissociation is in progress at 
another. The extent of dissociation depends mainly on the temperature, and to 
a less extent on the pressure. 

To overcome the molecular cohesive forces energy is required, so that in the 
normal combustion of an explosive mixture a limiting temperature is reached 
at which the heat evolved by the molecules recombining is equal to that absorbed 
by those which are dissociating; a balanced state therefore exists. 

Cause of temperature rise during the compression of a gas. 

Imagine that at first the piston (Fig. 7) is stationary and that a molecule is 
moving towards it with velocity F. Since the molecule is perfectly elastic, it 
will rebound with velocity — F. 

Now let the piston move inwards with velocity u, 
then, relative to the piston, the molecule will move 
with velocity (F + u), and will rebound relative to 
the piston with velocity — (F + u). 

But the piston is moving inward with velocity u so 
that the absolute velocity of recoil 
— (F -I- %) 4- w = F -|- 2 u. 

The kinetic energy of the molecule is therefore 
. , «>F 2 w(F + 2m) 2 

z z 

But by equation \pV* = kpaT, p. 10, we see that 
an increase in kinetic energy must cause an in- 
crease in T) hence compression caused a rise in temperature. 



Fig. 7. 
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Ex. Compression of a gas. 

A quantity of gas is compressed from an initial state of 3 cu. ft. and 15 lb. per sq. in. 
to a final state of 1-2 cu. ft. and 58 lb. per sq. in. 

If the specific heats arc 0-244 and 0-173, calculate the change in internal energy and 
the temperature rise if the mass of the gas is 0-244 lb. 

For any mass of gas the change in i.e. is given by 



wC^Tz-TJ. 

(i) 

But 

p 1 v 1 ^ii'KT 1 and (O p -O v ) = 

(2> 

whence 

C v (C v jC v —\) = RjJ. 



wR 

(3) 

By (3) in (1), 

TTr _ wli irn m > _Tl v l-V\'h 

1) U * Jl) - J(r-i) • 

• 144(58x1-2-15x3) z 

Change in i.e. r — i = 6-19 c.n.u. 



By (2), 


i) 


1 , 1 44(58 x1-2-15x3) 

wR PlVl) 0-244 x 1400(0-244 - 0-173)* 

Temperature rise = 146 ° C. 



CHAPTER III 


PARTIAL PRESSURES AND GAS MIXTURES 

Dalton’s Law. 

On p. 10 it was shown that the pressure p exerted by a gas is given by 
2780 

P = — kpaT = pRgT= — ^ - pgT in absolute units (1) 

From (1) — 2 = g x 27 SQgT. 

It follows therefore that the kinetic energy ofall molecules possessing the r.m.s. 
velocity at the same temperature is the same, whatever their mass. 

If therefore we consider several gases, 1, £. 3, each displacing 1 cu. ft. at 
a common temperature T, the individual ghses will have the same kinetic 
energy. Further, since gases are mainly empty space, they may be collected 
together, at constant temperature, in a vessel of 1 cu. ft. capacity without change 
of individual densities. The total energy of the resulting mixture 

Comparing this equation with (1), the Total absolute pressure p 

= pi+p 2 +p 3 . (2) 

Hence the total absolute pressure exerted by a mixt ure of perfect gases, which 
have no chemical action on each other, is the sum of the partial pressures which 
each gas would exert when occupying the same volume as the mixture, and at the 
same temperature as the mixture.* 

Given the total pressure to find the partial pressures. 

Since the gases are perfect, they will obey the law 

pv — wRT. 

If the total pressure is p, and the partial pressures p v p 2 , etc., the total weight 
of the mixture w, and that of the constituent gases w v w 2 , etc., then by the 
characteristic equation, 

p x v = wq-Rj T, 

p 2 v = w 2 R 2 T, and so on; 

whence p 1 _ iv 1 JR, 

p ~ w R 

Pi 

p w R 



* Except at high pressures Dalton’s Law is satisfied by vapours. 
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It should be observed that x 100 is the percentage analysis of gas 1 by weight. 

More usually gases are analysed by volume, by segregating each gas, so as to 
occupy the original volume, but at its partial pressure, and then compressing it 
at constant temperature to the total pressure p. The result of this separation and 
compression is shown in Fig. 8, p. 29. In this state the compressed volume will be 

WyRyT 


But the original volume 


kk IL T 
v = — — — . 

Pi 


• Hi i #e . the pressure ratio = the volume ratio. 

v p 

Vi % volumetric analysis m , . 

/. Partial pressure p 1 « -J x p = - — 10Q — x Total pressure 




(I.M.E. 1938.) 

Ex. A closed vessel 0*5 cu. ft. capacity contained air at 15 lb. per 8q in. and 27° C. 
Hydrogen was added and the total pressure was thereby raised to 16 lb. per sq. in. at 
the same temperature. Find the weights of the oxygen, nitrogen and hydrogen finally 
in the vessel and their respective partial pressures. 

Air contains 77 % by weight of N 2 . Take R = 96 ft. -lb. for air and 1389 ft.-lb. for 
hydrogen. 

UT . r . 15x144x05 

Wcght of a,r = 9(> x (273+27) = 0 03750 Ib ’ 

Weight of N s = 0 0375 x 0-77 = 0-02887 
Weight of O a = 0-00803 lb. 

Weight of II, . ! 1 *3^ ( ™ - O OOOI728 

Total weight of mixture — 0*0376728 
The universal gas constant = MR, and for H 2 tliis = 2 x 1389 = 2778. 

977 q 

R fur 0 2 = = 86*6; 

whence the partial pressures are, by equat ion (3), 

86*6 x 0*00863 x 300 0 

Po, = — 0> 5 x 144 =3-12 lb. per sq. in. 

Ph, - HX> 

4-12 


/. Pn, ~ (16 — 4*12) = 11*88 lb. per sq. in. 

Ex. If the analysis by weight of air is 23 parts of oxygen to 77 parts of nitrogen, obtain 
the partial pressures of the constituents, and hence show that the volumetric analysis 
is approximately 21 and 79 %. 
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By equation (3) 


But 
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Po tfo w 0 M jj 23 28 

Ph ~ w* Ms ~ w N J/o ~ 77 X 32 ' 

( °3 °8\ 


P N _ 

P 


1 


= 0-792. 


Alternative solution. 


v /. 23 28 \ • 

l I+ 77 X ffi) 


By difference ~ = p 0 /p = 0-208. 


The total pressure p = ^4-p 2 +7 ) 3* 


t/^7 1 

But in general p = - , and since 3P and #; ate common to the mixture and its 


constituents 


Further 


7 T 

p = -- = - [m> x « 1 + tr 8J Bj+T/» 3 + ...]. 

\ 72 for the mixture = \ W -R l -f- — 7?« -f- — 77, + ...1 . 

I _w 1 w w 6 J 

M 


' , . . / noo 2780 0-77 x 2780 v 

.. 7? for mixture = 1 0-23 x - H ^ — ) 

97 Q() 1 

By equation (3) p 0 = 0-23 x 3>) - x ()( . ^p = 0-208p, 


= 90-4. 


_ 2780 1 .. _. lrt 
7>k = °-77x- 28 x^p-0-793p. 


Ex. Partial pressure in a gas mixture. (B.Sc. 1935.) 

A mixture of methane (CH 4 ) and air in the correct proportions for complete combustion 
is contained in a closed vessel. The volume of the vessel is 1*2 cu. ft. and the weight of 
methane 0*05 lb. and the temperature 127° C. 

Assume that the density of hydrogen at n.t.p. is 0-0056 lb. per cu. ft. and that air 
contains 77 % by weight of nitrogen. 

Find the partial pressure exerted by the methane, nitrogen and oxygen respectively, 
and thus the total pressure in the vessel. 

When CH 4 reacts (see p. 506), the proportions by volume are CH 4 , 1; 0 2 , 2, since 

( C H 4 + 20 2 = C0 2 -f 2H,,0). 

12 + 4-10 64 

79 

But the nitrogen associated with the oxygen = — x 2 = 7-52 cu. ft. 

Hence the total volume of the combustible mixture containing 1 cu. ft. of CH 4 is 
10-52 cu. ft. 
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Since the molecular weight of CH 4 is 16, the volume displaced by 0*05 lb. at n.t.p. is 

005 


But 


r i\ 


v 0 = ~TrT x 368 cu. ft. 
16 


The partial pressure of mfsthanc 

"0 05 x 358 x (273+1 27) j 


= 20 lb. per sq. in. 


= 14 . 7 |™ 

1 |_ 16x1-2x273 

. Partial pressure x 100 20 „ 

Total pressure = - . T7 - 1 . — - - - . = — x 10-52 = 210*4 lb. per sq. m. 

1 % Volumetric analysis 1 


2 

Partial pressure of oxygen — 10-52 X2 ' M 

7-52 

Partial pressure of nitrogen = x 210*4 


— 40-0 lb. per sq. in. 
« 150*4 lb. per. sq. in. 


Ex. Total pressure of a gas mixture. (B.Sc. 1937.) 

A closed vessel of 10 cu. ft. capacity contains a mixture consisting of one-tenth of a 
pound of hydrogen and sufficient air for its complete combustion. 

(a) When the temperature in the vessel is 20° C. determine the pressure. 

( b ) At what temperature would the pressure in the vessel reach 100 lb. per sq. in.^ 

Take the density of hydrogen as 0*0056 lb. per cu. ft. at n.t.p., and the percentage 
of oxygen in air as 23 % by weight. 

2 

Volume of a mol at n.t.p. = — ~ - - = 357 cu. ft. 

0*0056 


TT - , 4 A 14-7x144x357 

Universal gas constant = = 2770, 

T 

pv = wRT . p = wR~~. 


By (1) in (2). 
and since 


Total pressure p = (p A +p B +p c ). 
Total pressure = [w A lt A + v; e M„ + ...] 


T 


R = 


2770 
M ’ 


then „ _ [”«’< , w * , «V1 2770 X (273 + 20) 

then 4»-|_ 2 + 28 + 32 J 10 x 144 “ lb ' P cr ^ m ‘ 

To obtain the weights of the constituents: 


2H a + O a = 2H a O 

4 32 30 

O a for combustion of lb. of H a = 0-8 lb. 
N a associated with this 0 2 


77 


= ° ^ X 23 ~ 2-68 !b. 


•(1) 

.( 2 ) 
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ro-l , 2-68 0 - 8 ~| 

• • P = l-jj- + -gg- + gg J x 564 = 95*9 lb. per sq. in., 

P&_P* V J onr] „ __ 

T — T — v 2* 

T 2 =t£ = 293x^-306 


Pi 


273 


Temperature at 100 lb. per sq. in. = 33° C. 


Gas mixtures. 

So far the kinetic theory has been applied mainly to elemental gases and chemi- 
cal compounds, whereas engineers are frequently concerned with gas mixtures. 

To apply the kinetic theory to a gas mixture^ therefore, let us first separate the 
mixture into its constituents, to which the kinetic theory is applicable, and then 
add the result, thus: \ 

Consider one mol of mixture in which the constituents are thoroughly diffused 
and each exerts its own partial pressure; after separation each constituent will 
still displace one mol at its partial pressure, so 
that we will now have several mols of gas at 
pressures p A , p B , p c , etc. 

To obtain the physical constants for the 
mixture, however, we must have but one mol; 
so this involves raising the partial pressures of 
the constituents to the total pressure p by 
isothermal compression.* 

The result of this separation and compression 
is shown in Fig. 8, where each constituent gas 
A, By C, etc. is at n.t.p., and is separate from, 
but contiguous with, its neighbour. In fact the ^ as mixtures, 

figure illustrates the volumetric analysis of the gas. 

Ex. Mixture of gases. (B.Sc. 1939.) 

A closed vessel has a volume of 5 cu. ft. and contains a mixture of methane and air, 
the proportion of air being 20 % greater than that theoretically required for complete 
combustion. When the pressure of the mixture is 200 lb. per sq. in., the temperature is 
120° C. 

Taking the density of hydrogen as 0 0056 lb. per cu. ft. at n.t.p., and the proportion 
of oxygen in air as 23 %, find the weight of methane in the vessel. 

The air required for combustion of methane may be obtained from the equation 

CH 4 + 20 2 CO a -f 2H 2 0, 

1 2 

i.e. 2 cu. ft. of 0 2 are required per cu. ft. of CH 4 . 

♦ See p. 47. 
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100 

Hence actual air supplied per cu. ft. of CH 4 = 2x 1*2 x = 11*42 cu. ft. if the 
proportions given are by volume. 


From the equation 


PiVi_p 2 v 2 

Ti ~ f*' 


the volume of the mixture, reduced to n.t.p., 


200 x 5 x 273 
~ 14-7 (1204-273) 


47*25 cu. ft. 


Let x be the volume of methane in the mixture, then 

__x 1 

47*25 ” 11*42+ 1 9 

whence x = 3*80 cu. ft. at n.t.p. 


One mol of H 2 displaces = 357 cu. ft. at n.t.p. 

0*0056 

Molecular weight of methane = CH 4 = 10. 

12+4 

3*80 

Weight of methane in vessel = — - x 16 = 0*170 lb. 

o07 

To determine the equivalent molecular weight of a gas mixture. 

Let v 4 , r I:l , v C) etc. be the volumes displaced by the constituents A, B, C, etc. 
in one mol of gas at n.t.p., then 

v a + v b + v c+ *•* = 358 cu. ft. (1) 

Let M a , M b , M c , etc. be the tabulated molecular weights of gases A, B , C, etc., 
then the weights of the constituent gases in a mol of the mixture are 

= 358 et °- l b ‘ 

The total weight of the “Mol” of mixture is the equivalent molecular weight M 


of the mixture 

-w j + w b+ v, 0 + ...=1^M 4 + ^M b + ( 2 ) 

But x 100 = the % by volume of gas A — % v A 

l ( 3 ) 

x 100 = the % by volume of gas B = % v B 

j 

By (3) in (2), M = ~ [ % v A M A + % v B M B + . . . ]. (4) 
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If the analysis by weight is given, then 

% w a = x 100, 

where w A is the weight of constituent A in lb. contained in a mol of mixture. 


In the same way 

ll 

s* 

sC 

x 100. 

if 


But 

Wa 

- A =, 

M%w a 

1. 

M a 358 ‘ " 

358 

lUOi/j 

J 

whence, by (1), 





358 

II 

+ 

+ 

C2 

m r 

"loot 

'% W A, 

'Ma 

%w B 

Mb 


E< > uiva,ent “O '"™ 1 " M = Jug r <*) 

\~M A + M„ + M„ + -j 

Since the evaluation of M from (4) or (5) involves a summation, it is best done 
in tabular form thus: 

Ex. Determine the equivalent molecular weight of air given the volumetric analysis 
as tabulated below: 


Constituent 
in aii* 

Volumetric 
analysis 
% vj 100 

Molecular 

weight 

M 

Pounds in 
oik? mol of air 

% V A Ma 

100 ’ t '*“ 

o. 

0-2092 

32 0 

(5-69 

N, 

0-7814 

28-02 

21-90 

co a 

0-0004 

44-0 

0-02 

Argon 

0-0090 

40-0 

0-36 


28-97 lb. 


Hence one mol of air weighs 28-97 lb., and by the definition of a mol this must 
be the equivalent molecular weight of air. 

Specific heats of gas mixtures. 

On p. 14 it was shown that the universal gas constant has a value 2780 and 
that this figure is equal to the molecular weight M of the gas (or the average 
molecular weight of the gas mixture) multiplied by the characteristic constant Jt , 

ie - MB = 2780. 


Further, since 
then 


§=(C P -C V ), 


MR 2780 


= M{C P -C V ). 


MC p is the volumetric heat K p at constant pressure, 
MC V is the volumetric heat K v at constant volume. 
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Now in a gas mixture the sum Of the internal energies of the various consti- 
tuents is equal to the total internal energy of the mix ture. If therefore M is the 
average molecular weight of the mixture and w A , w B , etc. are the actual weights 
of the constituent gases A, B, C, etc. (in one mol of mixture), Cv A , Cv B , etc. the 
specific heats at constant volume, then 

K v Temp, rise = (MC V ) Temp, rise = [w A C VA + w B C Vg + w c C V(j + ...] Temp. rise. 
N„ = [w A C Va + w u C VB + w c C„ g +...]. 

But from p. 30, w A = M A = M A . 

K-v — Too [% V A Ml @v A + %V s M b C V b + ...] 

= Tffo l % V A Kv a + % v B^v„+ •••]> ...'...(1) 

where K Va , K Vb , etc. are the molecular heats, at constant volume, of gases A , B, etc’ 
Had the pound been taken as the unit instead of the mol, 


C. " m - ToOT [ %»^*. + %».**+ -I 


1 


But from p. 30, 


— j v aM a C Va + % v bM b C 1 . b + ...]. 

M — iU[%v A M A +y o v B M H + ...]. 

_ r % v A M a C Va + % v I} M n C rB +..n 
” L % v A M a + % v b M b + . ~ J* 



The corresponding expressions for K p and C p are 

K p = Too [% v A K Va + % v b K Vb + ...], (3) 

n _ V°/q v aM a C Va + %v b M b C V b + ...l 
* L %v a M a + %v b M b +... "J' (4) 


Ex. Determine the molecular specific heat of air at n.t.p., given the particulars in 
columns 1, 2, 3 and 4. 


* 1 

2 

3 

4 

5 

Constituent 

Volumetric 

analysis 

Molecular 

weight 

C v per lb. 

% vMC v 

100 

O, 

0-2092 

320 

0-156 

1-043 

N, 

0-7814 

28-02 

0-178 

3*900 

CO, 

0-0004 

44-0 

0-155 

0-003 

Argon 

0-0090 

40-0 

0-077 

0-028 


MC, = K V = 4-974 
1-985 


K„- 6-959 
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Ex. Heating a gas mixture at constant volume. 

Explain clearly what is meant by volumetric heat. For temperatures below 500° C. 
the volumetric heat at constant volume, for air is 5*0 and for C0 2 7*5. Air and C0 2 are 
mixed in the ratio 8 to 6 by volume, and a quantity of mixture measuring 10 cu. ft. at 
n.t.p. is warmed from 15° to 450° C. at constant volume. How much heat is supplied 
to the mixture? 

Generally specific heats are reckoned per unit mass, but for gases it is more con- 
venient to reckon the heat per unit volume, unit volume being considered as the volume 
displaced, at n.t.p., by M lb. of gas, where M is the molecular weight of the gas. 


Constituent 

Volumetric 

analysis 

Volumetric 
hedjfc K v 

% v a A«^ + ... 
100 

Air 

8/14 

*0 

2*855 

co 2 

6/14 

7-5 

3*220 


K„ - 6 075 

Heat supplied = ^ x 6 075 [450 — 15] = 73*8 c.h.u. 


(B.Sc. 1936.) 

Ex. Define the terms “mol”, “volumetric heat” and “universal gas constant”. 

A gas has the following composition by volume: H 2 ,42*4 %; CH 4 , 21*7 %; CO, 17*1 %; 
C0 2 , 4-8 %; N 2 , 14*0 %. Calculate the mean molecular and specific heats of this gas and 
find its density at n.t.p. in pounds per cu. ft. Assume a volumetric heat of 5*0 for diatomic, 
8*7 for CH 4 and 7*3 for C0 2 . Take the difference between the molecular heats for all 
gases as 1*98. What is the value of the adiabatic index for this gas? 



Volumetric 

Molecular 




Constituent 

analysis 

%v 

weight 

M 

Kv 

% vM 

% vK v 


42-4 

2 

5*0 

84*8 

212*3 

ch a 

21*7 

16 

8*7 

340*6 

188*7 

CO 

17*1 

28 

5*0 

479 0 

85-6 

CO., 

4*8 

44 

7*3 

211*3 

35* 1 

n 2 

14*0 

28 

5*0 

392*0 

70*0 


1000 1513*7 591*7 


Volumetric heat, K v = 5*917. 

Difference of volumetric heat = 1 *98 y = 1 *335. 


K v =7*897. 

Mean molecular weight = 15*137. 


•*. = 


5*917 

15*i37 


= 0 391 




_7*897_ 

15137 


0 * 521 . 


15*137 


= 0*0423 lb. per cu. ft. 


Density at n.t.p. 


358 
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Characteristic constant fbr a gas mixture. 

2780 


From p. 14, 
and 


R = 


M 


1 


m = Wq [% Va Ma + % v » Mb + ‘" ] * 


But 


“ R 100 L 

M. 


1 r % v a Ma +% v n M B + 

2780 


-]• 


A _ J_ M„ _ J_ etc 
2780 R a ’ 2780 R B ' 

. 1 1 \% v a , % v b . 1 

" R ~ 100 L Ra Rb J* 

Had the analysis been by weight, we have the equivalent molecular weight 

100 




(% W A, 


\MT + 

H 


and * = 

M 


2780/%^ \ 

100 \ + M n + "7 


or 


R = Tqo (% + % w b R b +...). 


Ex. The volume ratio of air to gas for the combustible mixture supplied to a gas engine 
is 6 to 1 . Calculate the value of B, C v , C p and y for 1 lb. of the mixture if the moleculai 
weight of air is 28-9 and of the gas is 16. 

i _ i r% v A m a + % v B M B +..n 
R 100 L‘ 2780 J # 



Volumetric 

Molecular 

riff [% v a-M a h- ...] 

Constituent 

analysis 

weight 

pounds in one 
mol of mixture 

Air 

6/7 

28-9 

24-76 

Gas 

1/7 

16 

2-28 


Equivalent molecular weight — 27-04 


I 2704 1 

R 2780 102-7* 


R = 102-7 ft. lb. Centigrade units. 
Taking the mixture as diatomic, K v = 5. 


Hence C v 


5 

27-04 


0 - 185 , ^ = |^ = 0 - 258 , 7 = 


6-985 


1-397 


5 
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Ex. Characteristic constant and contraction in voluihe. (B.Sc. 1926.) 

The volumetric analysis of the products of combustion of coal gas and air are found 
to be H,0 = 14*37 %, C0 2 = 6*1 %, 0 2 = 7*58 %, N 2 = 72*95 %. Determine the value 
of jR for this mixture, assuming the specific density of H 2 to be 0*0056 lb. per standard 
cu. ft. State clearly the units in which R is measured. 

Find also the value of R for the gas and air mixture used on the assumption that the 
chemical contraction after combustion amounts to 2*5 %. 

i i r% v a m a + % vtff B + ...i 

R 100 1 2780 7 J* 


Constituent 

Volumetric 
analysis % 

— y* 1 * 

Mole<jkilar 

weight 

% v 4 M a + ... 

HjO 

14-37 


258*5 

CO. 

5*1 

44 

224 3 

o a 

7*58 

32 

242*6 

N, 

72-95 

29 

2043*0 


Z°/oPjM a + ... = 2768*4 


R = = 100*3 ft.-lb. per lb. per ° C. or ft. per °C. 


Effect of contraction in volume. 

Contraction has no effect on the universal gas constant but since there is no 
longer a mol of gas present pv — 2780 T cannot be applied. The weight of gas 
present, however, is invariable; so that with a suitable change in It, pv = wRT 
may be applied. 

Initially pv = R x T. 

Without change in p or T, v now contracts by 2-5%: 

px 0*975u = i? a 2\ i? 2 = 100*3 = ~x 0*975 = 0*9751?!. 

••• 


Mixing gases at different temperatures and pressures. 

From the conservation of energy the total internal energy of the mixture must 
equal the sum of the internal energies of its constituents. 

If we deal with unit weight of gas and regard the specific heats as invariable, 

the “ wTC v = w a T a C Va + w b T b C V m + ..., ( 1 ) 

from which the resulting temperature T can be evaluated. 

To find the resultant pressure 

■ 6 * <2 > 


w 
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By (2) in (1), 
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+ .... 

v B 11 C PB 


pvC v _ Pa v a PB v n^r h 

R Ra K b 


v A R C r 

p - p *~vityc. +p * v r d c v + -- 


.( 3 ) 


But 


It 

C'„ 


2780M 

~MK~ 


2780 

K„ ’ 


So that when gases having tlte same number of atoms per molecule are mixed 


Ra = R, 


It, C\, — CL = O v . 


„ _ f Pa % v a + Pn % %+...] 
P ~" " 100 


•( 4 ) 


Summary of important results obtained from the kinetic theory. 

(1) A gas which obeys the kinetic theory perfectly is known as a Perfect Gas, 
and the equation controlling its pressure volume and temperature, per Mol of 

8 as ’ 18 pv = 27802’, 

where p is in lb. per sq. ft., 

v is the volume in cu. ft., 


T is the absolute temperature in ° C. 


(2) The internal energy of a perfect gas depends only on its absolute tem- 
perature. 

(3) Equal volumes of different gases at the same temperature and pressure 
contain the same number of molecules, hence density is proportional to molecular 
weight. 

(4) One mol of gas at n.t.p. displaces approximately 358 cu. ft. 

(5) Solids and liquids expand to such a small extent that K v and K p are 
taken as equal. This approximation introduces a certain amount of trouble where 
large pressures are encountered, as in some refrigerators. 

(6) Heat added to a gas = Work done + Change in i.E. 

(?) (Rp~K v )—2, (C p -C e ) = ^ 


( 8 ) 

( 9 ) 


Kv 


vf’ = y. The adiabatic index. 

^1? 



c — 


R 

J(y-iy 


(10) Equipartition of energy. The ultimate result of collisions of molecules 
is to cause the molecular kinetic energy to be shared equally by each degree of 
freedom. 
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Volumetric heats of perfect gases over a limited temperature range. 


No. of 
atoms per 
molecule 

Arrange- 
ment of 
atoms 

Degrees 
of trans- 
latory 
freedom 

Degreos 
of rotary 
freedom 

Volumetric heats 

Ratio of 
volumetrio 
heats y 

K v 

K p 

1 

• 

3 

0 

3 

5 

106 

2 

•• 

3 

1 

2 

5 

7 

1*4 

3 

X 

3 

3 

6 

1 t— 

8 

1-33 


EXAMPLES 

1 . The characteristic equation. (Junior Whitworth 1928.) 

The expression jw = wRT occurs frequently in elementary thermodynamics. What 

do the symbols represent and what do you understand to be the significance of J?? 

Show how this expression summarises the Jaws of gases known as (1) Boyle's Law, 
(2) Charles’ Law. 

2. Air receiver. 

An air receiver has a volume of 15 cu. ft. and contains air at a pressure of 30 lb. per 
sq. in. absolute and 15° C. If the specific volume of air at N.T.r. is 12*39 cu. ft. per lb., 
find the pressure in the receiver when an additional 2 lb. of air has been pumped into it 
at 15° C. Arts. 55*0 lb. per sq. in. 

3. Density of a gas. 

A certain gas has a molecular weight of 44 and density 0*1224 lb. per cu. ft. at 
n.t.p, Wliat is the density at n.t.p. of another gas having a molecular weight of 26? 

A ns, 0*0723 lb. per cu. ft. 

4. Specific heat and density. (Junior Whitworth 1928.) 

State what is meant by the term “specific heat” as applied to (a) a solid, (b) a liquid, 

(c) a gas. 

Give numerical examples of each if you can and say in what way, if any, the specific 
heat is related to the density of a substance. 

How would you proceed to determine the specific heat of an inflammable liquid such 
as petrol ? 

5. Specific heats. (Junior Whitworth 1933.) 

Why is it usual to speak of the specific heats of a gas, whereas, in the case of a solid, 

it is customary to say the specific heat of the solid ? What does the difference between the 
specific heats of a gas represent, and why is the ratio of specific heats an important 
quantity? 
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6. Characteristic constant given molecular weights. 

Calculate the value of the characteristic gas constant R in ft.-lb. per C. for H, 0, N, 
Air, CO, CO., CH. and C 2 H 4 , given their molecular weights as 2, 32, 28, 28-8, 28, 44, 16 
and 28. Ana. 1389, 87, 99-4, 96-5, 99-4, 63-2, 173-7, 99-4. 

7. Heating a gas at constant volume. 

How much heat is required to raise the temperature of 20 eu. ft. of air at 100 lb. per 
sq. in. and 15° C. through 35° C. ? Ana. 61-6. 

8. Heating C0 2 at constant pressure and constant volume. (B.Sc. Ext. 1932.) 

One pound of C0 2 at a pressure of 30 lb. per sq. in. has its temperature raised from 
15° to 200° C. (or) at constant pressure, (6) at constant volume. Find in each case the 
final pressure and volume, the amount of energy supplied, the external work done, and 
the change of internal energy. G v = 0-201, C„ = 0-156. 

Am. 7-095 cu. ft.; 49-3 lb. per sq. in.; 37-2, 8-35, 28-85 c.H.u. 

9. Heating a gas at constant pressure and constant volume. 

Three cu. ft. of air at 200 lb. per sq. in. and 175° C. changes its state 

(a) at constant pressure to .a volume of 9 cu. ft., 

(b) at constant volume to a pressure of 15 lb. per sq. in. 

Find in each case the temperature in the new state, the heat absorbed during the 
change, the work done and the change in internal energy. 

Ans. 1070° C.; 429, 125, 304 c.H.u. ; -239-5° C., -140-7, 0, - 140-7 c.h.tt. 

10. Partial pressures of a gas mixture. 

Find the partial pressures and the characteristic constant for a mixture of 1-3 cu. ft. 
of air and 1 cu. ft. of gas having a density of 0-0749 lb. per cu. ft. at n.t.p. 

Ans. 0-435p, 0-565p; R = 99-2. 

11. Partial pressure and total pressure. (I.C.E. 1938.) 

A mixture of CH 4 and air in the correct proportions for complete combustion is 
contained in a closed vossel. The volume of the vessel is 2-4 cu. ft., the weight of 
CH 4 = 0-1 lb. and the temperature is 127° C. Find the partial pressures exerted by 
the CH 4 , N 2 and 0 2 respectively, and thus the total pressure in the vessel. 

Am. p,. n , — 20-2 lb. per sq. in. ; p K = 152-8 lb. per sq. in.; p 0 = 40-1 lb. per sq. in.; 
p = 213-1 lb. per sq. in. 

12 . Combustion of oxygen and hydrogen. (A.M.I.M.E. 1937.) 

A mixture of oxygen and hydrogen in the proportions of 20 to 1 by weight is 
contained in a closed vessel at 15 lb. per sq. in. at 31° C. Find the partial pressures 
exerted, respectively, by the two gases. If this mixture is ignited, and after combustion 
the temperature falls again to 31° C., find the final pressure in the vessel. Negleot the 
volume of the water formed. 

The saturation pressure of the st eam at 31° C. is 0-65 lb. per sq. in. The value of R for 
H, is 1389 ft.-lb. per lb. per degree Centigrade. Ana. 8-31, 6-69, 8-64 lb. per sq.fn. 



39 


Partial Pressures and Oas Mixtures 

13. Specific heats of a gas mixture. 

The volumetric analysis of the exhaust gas from an engine was nitrogen, 75 %; 
oxygen, 15 %; carbon dioxide, 10 %. Taking K v for O a and N 2 as 5 and for CO a as 7-3 
calculate 

(а) the volumetric heats of the mixture, 

(б) the equivalent molecular weight, 

(c) the specific heats. 

Ana. K v = 5-28, C v = 0-174; M = 30-2; K v = 7-26, C v = 0-24. 

14. Relation between gas constants. ! (B.So. 1931.) 

State and prove the relation between the specific heats of gases at constant pressure 
and constant volume and the characteristic gas constant. 

A mixture of gas contains oxygen, nitrogen and CO| in the proportion 25, 40 and 35 % 
by volume. Find C v , C v and R in the equation pv — RT which is proper for the mixture, 
given that the specific heats are 0 2 , 0-218 and 0-1553; N 2 , 0-249 and 0-178 and CO a , 
0-202 and 0-1575. Hence find the weight of 1 cu. ft. ojf the mixture at 150 lb. per sq. in. 
and 100° C. Ana. R = 79-6; CL = 0-2200, C v = 0-1637; 0-729 lb. 


Variable specific heats. 

That a complex structure like a molecule should rigidly obey elementary 
dynamical laws must exceed the highest hopes of the most optimistic, and experi- 
ments show that as the temperature is increased over a very wide range (hundreds 
of degrees), the ratio y — K p /K v for polyatomic gases gradually decreases, but 
(K p — K v ) remains sensibly constant. 

The difference between the actual behaviour of gases and that predicted by the 
kinetic theory is due to ignoring the vibrational energy of the molecules, which 
naturally increases the specific heat above the value given by the simple 
dynamical theory. 

This increase is particularly marked in complex atomic structures with high 
atomic weights, because of the extra energy required to start comparatively 
heavy .masses vibrating. 

By spectroscopic methods it is now possible to analyse the motions within the 
molecule itself, and thereby obtain a more accurate value of the specific heat than 
is given by the kinetic theory of gas which is concerned only with the motion of 
the molecule as a whole. 

The table and curves given on p. 797 were taken from Empirical Specific Heat 
Equations Based upon Spectroscopic Data by R. L. Sweigert and M. W. Beardsley, 
the Georgia School of Technology, Atlanta, Georgia, U.S.A. 

The curves show how closely the equations follow the actual specific heats 
obtained by spectroscopic methods. 
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The quantum theory shows that an atom or molecule receives or rejects energy 
proportional to the frequency with which it vibrates, and that this energy is 
communicated in lots. Now with a diatomic gas the link joining the atoms is so 
strong that the frequency of vibration is too high for normal encounters (i.e. 
encounters which occur at temperatures less than 1000° F. absolute) with mole- 
cules to deliver the requisite quantum of energy to start longitudinal vibrations; 
hence the assumption that this energy is zero at the average tem peratures that 
are met in engineering is justified. 

On the same reasoning, when the temperature of a diatomic gas approaches 
absolute zero, the encounters are insufficient to produce rotary motion, so that 
the specific heat is approximately equal to that of a monatomic gas, which, 
incidentally, obeys most closely the kinetic theory, since vibrational considerations 
do not arise in this case. 



At very high temperatures the violence of the encounters may be sufficiently 
great to cause tho specific heat of a diatomic gas to approach that of a triatomic 
at normal temperatures. 

Fig. 9 shows approximately the variation in specific heat of a diatomic gas. 
The logarithmic base being employed for plotting in order to accentuate the 
discontinuities, and compress an extensive curve into a small space. 

Over the temperature range in general use for the gases in heat engines (300 to 
1500° 0. absolute) the curve is fairly smooth, and when plotted on a uniform scale 

it gives almost a straight line, the equation of which gives the mean volumetric 
heat as 

A r = 4-99 + 0-0002(5(l< and K p = 1-985 + K V , 
where t is the temperature in degrees Centigrade. 

Above 1500° C. the specific heat increases much more rapidly, and this increase 
has a marked influence on the pressures developed during combustion in an 
internal combustion engine cylinder. 

Apart from air, the variation of specific heat of gases with pressure is inappre- 
ciable, and even in the case of air, up to 1500 lb. per sq. in., the change is small. 
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The expression 


K p = 6-82 + 0-000548T + 0-00058p, 


where p is in lb. per sq. in. absolute and T is in 0 C. absolute, allows for changes 
in K p of air due to both temperature and pressure variations. 


Ex. Variable specific heats. 

The volumetric specific heat of a gas is given by 16-6 + 0-0083 T ft.-lb. per cu. ft. per 
0 C. Find the work equivalent of tho heat necessary to raise the temperature of 1 cu. ft. 
of gas, at N.T.P., from 85° to 325° C. The volume is constant during the addition of 
heat. 

J T t (-598 

C v dT = (16*6 + 0-0083 T)dT 

J'l J 358 

= [16-6T + 0-0041 5T 2 ]f»| 

= 4935 ft.-lb. per s.c.f; 

Ex. Combustion of a gas having a variable specific heat. 

One cubic foot of gas mixture, 7 parts air to 1 of gas, of calorific value 260 c.h.TT. 
per cu. ft. is exploded at constant volume. The specific heat of tho mixture is 19-2 + 0-007< 
ft.-lb. per cu. ft. per ° C. and the initial temperature is 35° C. Find the ideal temperature 
and pressure if the initial pressure is 25 lb. per sq. in. absolute. 

The calorific value and specific heat are almost sure to be referred to n.t.p. conditions. 
In 1 cu. ft. of mixture there is J cu. ft. of gas, hence equating the heat liberated by 
combustion to the gain in internal energy, 


•>60 f < 

V- X 1400 = (19-2 + 0-007<)d< = 19-2< + 0-0035< 2 - 19-2 x 35-0-0035 x 35-. 

O J 35 


.*. t = 1810° C. 




= 25 


/1810 + 273\ 
l 35+273 / 


= 169-2 lb. per sq. in. 


Ex. Variable specific heats. (B.Sc. 1938.) 

A certain gas is compressed through a volume ratio of 6 from suction conditions of 
14 lb. per sq. in. and 90° C. If after heat addition at constant volume the pressure is 
400 lb. per sq. in., find the heat energy supplied per pound of working agent, assuming 
that the true specific heat at constant volume at absolute temperature T is given by 
0-172 + 12-3 x 10 - ®? 12 . 

Take for the compression curve pv i s = C. 


T 2 = 363(6)°*® = 621° C. absolute, p 2 = ^(O) 18 = 14 x 6 18 = 144-2 lb. per sq. in. abs., 


Pa* 2 P *» s 


1 \ 


T, 


621 x 1 ^-.°s = 1730° C. 
144-2 


/. T 3 

d(i.E.) = C v dl. 

J r 1730° r 12-3xl0 -# 1 

d(i.E.) = J (0-172 + 12-3 x 10~*T 2 )dT = |^0-172T+ - ° ^ ---x T*j 


But 


— ] 17 30- 

leai* 


.". Energy supplied at constant volume = 211-2 c.H.u. per lb. 
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J g2i» 

363 ° ^ ^ ^ ^ 9 ^ rTfl )^» 

the work done on compression being negative. 

As neither the initial volume nor R for the gas is given, the energy supplied during 
compression cannot be evaluated. 


Ex. Variation of specific heats in gas engine mixture. (McTech.) 

The molecular heat of a gas engine mixture varies with the absolute temperature 
(° C.) according to the equation 

MC V cc 5-13 + 3*3 x 10- 4 y+3-3x 10“ 7 !T 2 . 

The universal gas constant is 1-980 and the volume of the lb. mol is 359 s.c.f. * 

If the temperature and pressure at the end of compression in a particular engine are 
respectively 320° C. and 120 lb. per sq. in. absolute and the heating value of the mixture 
is 25 o.h.tt. per s.c.f., find 

(a) the temperature and pressure at the end of constant volume combustion on the 
assumption that combustion is complete and there is no dissociation; 

(b) the change of entropy per s.c.f. during combustion; 

(c) the temperature and pressure at the end of adiabatic expansion, if the ratio of 
expansion is 5-5. 

K v = 5-13 + 3-3 x 10“ 4 jT + 3*3 x 10 ~ 7 T 2 , 

Specific heat per s.c.f. of mixture = ~ [513 +3*3 x 10~ 7 (10 3 2 7 + IT 8 )]. 

Oi)*i 


If we commence with a s.c.f. of gas mixture and compress this, w© shall not alter its 
heating value. 

25 = 359 SL {5 ' 13 + 3 ' 3 x 10- 7 (10 S T+ 5n 2 )}d2\. 

273 

503 


359 x 25 = .’>•13(7'— 593) + 3-3 x 10~ 7 j 10 3 2 59 -j + — j , 


359 x 25 _ 3-3 x 1 0~ 7 / 1 O 3 ?’ 2 T* 

513 " “ 1 + 513 “ V 


T+ 


rjjo 

31-080 


,3 r> TO 3-3 x 10~ 7 /10 s x 593 2 593 3 \ _ „ 
2 + 3/ 513 [ "2 +-3-J-593 

IT “I 
‘3000 J ' 


[ 1+ -l 


-15-76-593. 


T+ 3fL{ 1+ m)- nss - 

Ignoring powers, T = 2358. 

If we try T % = 2000, 2000 + ^ + f^) = 2300, 

which is good enough, compared with 2358. 

To obtain the pressure, 


P j«i 

T7 


Pt'’i 

T 

u 2 


and 


fi = »*. 


Pi 


T t 


*Pi 


2000 

593 


120 = 404 lb. per sq. in. 
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Entropy at constant volume: 

,, dH pdv C v dT 
d 9 = -rp = j T +— y— Per lb. 
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No work is done, hence the change in <f> per s.c.f. = C v 


dT_ 

T 


1 r8ooor5.i3 1 

-3aL[-r + ’-* xl0 " (10,+r >]'' 1, 

= gjg |5-131og,^+3-3 X 10~ 7 £l0 3 (2000 — 5$3) + 20002 — 593fJJ = 002Q33 

Ti _ (p*\r _ 

2 T i _ w ~y * 


T „ = 2000 


( i y - 1 \ 

w 1 


K ? 

Now y = and this is a function of T , so tha|t T 2 is possibly best obtained by a 

trial and error process for the determination of a mean K v for the expansion tem- 
perature range. 

From engine tests we know that the exhaust temperature is usually between 500 and 
600° C., so that an absolute temperature of 1000° C. will be rather high, but is an easy 
figure for a provisional estimation of y, thus: 

Average K v for the temperature range 2000 to 1000° C. absolute is given by 

J 2000 

{5-13 + 3-3 x 10“ 7 (10 3 7 7 + T*)}dT 

1000 


= 5-13(2000 - 1000) + 3-3 x 10“ 7 


K 


2000 2 — 1000 2 \ | 2000 3 — l OOP 3 ! 


/ 


V 


Average K v = 513 + 3-3 + = 0-396 

(2U 5UI j.ggg 


A'„ =8-382 


8 382 , ,i. 

** 7 6-396 1 31, 

whence T 2 = ^ sl = U80, 

which compares well with the assumed value 1000° C. 


Alternative solution. 

i r T 

The integral {5-13 + 3-3 x lO-^lO^ + T 2 )}^ gives the internal energy per 

S.O.P. of gas up to any temperature T . By assigning values to the upper limit T , a 
curve of internal energy on a temperature base may be plotted. The intersection of 
the vertical ordinate, T = 593°, with the curve, gives the internal energy at the end 
of compression. If 25 o.h.u. are added to this energy, the intersection with the curve 
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gives the temperature at the end of combustion. The slope of a straight line joining 
this point on the curve with a point at 1000° C. absolute will give the approximate 
value of K v for the expansion curve. After estimating the final temperature for this 
value of K vt it should be applied to the curve and a more precise value of K v obtained. 
Further examples occur on p. 58. 


EXAMPLES 

1 . The mean volumetric heats of the diatomic gases N, 0 and CO at various tempera- 
tures are given in the table. Plot K v on a base of T, and by integration (graphic or 
otherwise) obtain a curve of internal energy on a temperature base. Hence deduce the 

value of the mean specific heat. [/>- 

1000° to 2000° c. 


t° c. 

200 

400 

600 j 

800 | 

1000 

1200 

1400 

1600 

1800 

2000 

K, 

4-99 

5* 02 

5-0fi I 

5-10 | 

5-16 

i 5-22 

5-29 

5-37 

5-46 

5*55 


j T 2 — T l J for the temperature range 


2. The mean value of the volumetric heat at constant volume from 0° to t° C. for N 2 

iB given approximately by K„ = 4-5)6 +0-0002<. If N 2 is compressed adiabatically 
through a volume ratio of 16 from an initial temperature of 0° C., show that the index 
is 1-35)4, and find the final temperature of the gas. An#. 622° C. 

3. Temperature on a gas-engine cycle. (B.Se. 1940.) 

In the ideal Otto cycle of a gas engine, the init ial and final temperatures are assumed 
to bo 100 C., the compression ratio is 6 to 1, and the work done on the mixture during 
compression is 1900 c.h.u. per lb. -mol. During combustion 10,000 c.h.u. per lb.-mol 
of original mixturo are added, and there is a volumetric contraction of 3%. The mean 
values of the molocular specific heat K v for the products of combustion, between the 
suction temperature of 1(H) 0 and t° C., are as follows: 


500 I 1000 ; 1500 j 2000 2500 

5-39 I 5-00 | 5-91 j 6-22 j 6-58 


(1) Find the maximum temperature. 

(2) Show that the temperature at the end of expansion is approximately 1115 O. 

Take M = 1-985 c.h.u. per mol. Ans 2 060°C. 

Zero of internal energy. 

It was shown on p. 16, that internal energy is proportional to absolute tem- 
perature and that when this is zero, molecular energy is also zero. Obviously, 
then, this is the base from which to measure internal energy, but internal energy 

of a perfect gas is also expressed by J* K v dT, and since, for an extended 

temperature range, the true functional relationship between K v and T is un- 
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known, we must be content to evaluate this integral between the limits of 
temperature for which the relationship between specific heat and temperature 
is known; consequently we work with changes in internal energy and not 
absolute values. Generally 0° C. or 273° absolute is taken as the arbitrary zero 
of internal energy, and changes are reckoned from here. 

At this stage it should be observed that no matter what changes are imposed 
upon a gas, if it is returned to its initial state, i.e. p, v and T are the same as 
before the changes, then there has been no change in the total energy originally 
possessed by the gas. 

Further, no matter what route is taken by a 
change, it is always equivalent to a change at 
constant pressure accompanied by one at 
constant volume, since the curve (Fig. IQ), 
which represents the change, may be divided 
into elementary changes dp in pressure and &v 
in volume, so that 


J, 

Pr 

J t’j 


dp = Total pressure change (p->—Pi), 


n 



— ' 


dv = Total volume change (r 2 — v 1 ). 


v 

Fig. 10. 


van der Waals’ characteristic equation. 

The characteristic gas equation pv = RT is obviously deficient, because when 
T is made zero the volume also becomes zero. Now it is a fundamental law that 
matter can neither be created nor destroyed ; intense cold can, at the best, only 
reduce the volume of a body to that occupiod by its molecules when compacted 
together. 

This volume b is known as the Co-volume (the prefix “Co” meaning together, 
or in company), and when applied to the above equation we have 

p(v-b) = RT. 

When T is zero, v becomes b, so that the volume correction is of importance 
when T is small, but becomes insignificant for large values of T. 

In deriving the characteristic equation by the kinetic theory we considered 
that the molecules were perfectly free to move about, and that, in the absence of 
collisions, one did not influence the other. 

Now Newton showed that for celestial spheres of mass ra x , m 2 arid distant d 

apart, a force of attraction of amount ~ ^ existed. 

The same law holds true for the molecular world, which we may regard as a 
miniature solar system; one molecule attracts the other, and for this reason the 
bombardment of the container is less violent than if this attractive force were 
absent. 
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The actual pressure p is therefore less than that given by the characteristic 
gas equation pv = RT 

Now a gas at normal temperatures is mainly empty space; so the distance d 
apart of the molecules is a measure of the specific volume v of the gas; whence 
the force of attraction may be expressed by ajv 2 and (the actual pressure in the 
container +a/v 2 ) is the pressure exerted by an unrestrained system of molecules; 
whence the improved form of characteristic equation is 

(p+p)(*-f)=Rr. 

This equation is due to van der Waals, and represents completely the pheno- 
menon of vapour and gaseous states, although it may fail to give correot quan- 
titative results. 



CHAPTER IV 


EXPANSION OF GASES AND IDEAL CYCLES 

The large number of engines which develop pofrer by the expansion of a 
behind a piston cause this part of the subject to inerit some consideration. 

Constant pressure expansion. ] 

The simplest expansion occurs when the pressure remains constant, practical 
examples of which are (a) the expansion in a steam engine up to the point of cut 
off, and during a portion of the exhaust; (6) during the charging-stroke of i.c. 
engines and compressors, and during the discharge of compressors. 



Motion of Piston 


Pi 


Pi U 




p 

Y777777777777777777777^ 

Fig. 11. 


Now since perfect gases always obey the law pv = RT, then, with p constant, 
v varies with the temperature, and on p. 19 it was shown that the work done 
during a constant pressure change was the pressure multiplied by the change 
in volume. 

Graphically this is shown in Fig. 11, where p x is the absolute forward pressure 
on the piston, p 2 is the pressure opposing motion, and fa-Vj) is the change in 
volume. 

Work done, W = (Pi-p i ){v 2 -v 1 ). (1) 

This work is represented by the hatched area. 

Work done at constant temperature (isothermal expansion). 

If in the equation pv = RT we make T constant, then pv — c; so that plotting 
p against v gives a rectangular hyperbola (Fig. 12), of which the intercepted area, 
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representing the work done, is best obtained by integration, thus: 


Elementary area, 



If the expansion is reversed, r is known as the Compression ratio. 

The expansion in a steam engine approximates to this law, whilst air compressor 
designers, in order to reduce the work done to a minimum, try to compress 
isothermally, since then there is no useless increase in internal energy. 


Ex. Isothermal compression of air. 

In a hydraulic compressor 20,000 cu. ft. of air are compressed per hour from 15 lb. per 
sq. in. absolute to 100 lb. per sq. in. absolute. What is the equivalent horse-power of 
this compressor? 

100 

The work done per hour = 20,000 x 15 x 144 log c — ses 821 x 10 s ft. -lb. 

ii) 


821 x 10 5 

3:*, ooo X oo 


41-4. 


General expression for the work done when the expansion follows the 
law pv" = c. 


It will be appreciated that pi) = c is but a special case of the general law pv n = c, 
when the expansion index n is unity. 

When n is zero we have expansion at constant pressure, whilst when n is in- 
finite the volume remains constant, and the pressure may be anything. Between 
these limits of n wo have a whole family of curves (Fig. 13) that cover all types of 
expansions met in practice. 

As in the previous case: 

dW = W = f V 'pdv, 

J V, 

and since p = c/v n , then IF = c 



Integrating W = cf— — — 1 * = __L_ 

L — — »+l|_Va 1 
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Now since p x v^ — p 2 v J , this expression reduces to 

Jf = Pi v i-Pi v 2 

n— 1 

the expression being written in this form, since n is usually greater than 1, and 
unnecessary confusion with signs in arithmetical work, by making (n — 1) posi- 
tive, is thereby avoided. 

Should the expression work out negative, it indicates that work is done on, and 
not by, the gas, i.e. we have a compression. 

It rarely happens that we are given both p 1 v l and p 2 v 2 , but we must first 
determine one of these quantities from the relation 

Px v i = p 2 v £. .(4) 


T 



Fig. 13. 


Supposing v 2 is unknown, then (3) becomes 


By (4), 


W „Wl\ \-*± v S\. 

n- 1 L Pi'Vi J 

I 

*8 = 

”1 \pJ 

n- lL p x W . 


4 



( 7 ) 

( 8 ) 
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Alternatively, in terras of v 

"'-snHsn- 

Also, since pv — wRT, for any weight of gas, 

I in = y 9 (8) becomes W = v>JC t \T x — Ti J, 

which is the change in internal energy of the gas (see p. 16). 

Since no special value lias been assigned to n , the equations for W will represent 
the work done by any type of expansion. 

When n = 0 — v% v \> * 

Pi = P2> 

and the work done by the gas, measured above the absolute zero of pressure, is 
given by 

When n — 1 the equation becomes 

1- 1 0 
1 — i ~ o ’ 

which is indeterminate. 


To evaluate (6) for this value of n, let = h (a very small quantity) and 

7h V 


p* 

Pi 


a. 


n-l 


Then 

But 


(--) — a h — e log e°'' - e hloe e a 

\Pi! 

<■>•2 /y«3 

e*= 1+X+ 2i + h+~~ 

/. gh log, a = ! + h loge a + (A!?g^I 2 + ^ 

« ; 

When A->0 and n-> 1, 

w-nr* [i-d+Mog.«)i, 
w - -Pi'ilog.. = 3>ir,log,i , 

Cl 

whero - = Ratio of expansion r. 


w = ^lfiloger. 
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n— 1 

When n is infinite ( — ) becomes indeterminate unless we let n — ~ , then 

n— 1 _ 1/m — 1 


m 


n 


l/m 


= (1 — m). 


When n is infinite, m = 0. 


(Pi\ * _ (Pi\ n ~ m) _ [Pi 


Work done, W = T 1 -,bl = o. 

oo-l L f J 

Alternatively with n — co, v ± = v 2 and equation (1) roduoes directly to zero. 

Adiabatic expansion*. | 

A gas is said to expand adiabatically if no caloric heat is extracted from or 
rejected to an External source, and that internally there is neither chemical 
action nor other losses which would reduce the stock of internal energy of the gas. 
A reduction in internal energy, however, occurs in performing external work; 
but if the expansion is reversed, i.e. the gas is compressed adiabatically, all t his 
energy is returned, and consequently the gas is restored to its initial state. For 
this reason the expansion is said to be reversible. 

From equation (3), p. 19, 

dH = + C v dT per lb. of gas. 

For an adiabatic operation, 

dH = 0 = ?p + C v dT. (1) 


To express this equation in terms of p and v 8 we have pv 8 = j RT, and 
differentiating, 

dv a . dp __ 

mmmy p' 


By (2) in (1), 


or 


p dT + Vs dJ' = B = J{ Cp~ G «)- 

. Jrp pdVs + v s d P _ pdVs + v a dp 

" ai - J(C p -C v ) - JC v (y- 1)* 

— (y — 1 )pdv t = pdv a + v a dp, 

* ypdv, = —v a dp 

dv, _ dp 


•( 2 ) 


* See also p. 166. Equation (1) shows that the internal energy of a gas is represented by 
the area beneath the pt% = c curve. 
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Integrating, y log e v t = — log* p + log e c, 

log t pV* = log e c 

or pvj = c, (3) 

i.e. the adiabatic expansion index = y, the ratio of the specific heats. 

Alternative proof. If the expansion follows the law pv n — c, the Conser- 
vation Law becomes: 

0 = + C * {T * ~ Tl)> (1) 

pv = RT and C v = -j~~. (2) 

By (2)10(1), 

_V\V x ~p^ 

1»V?. * , 

n — 1 y — 1 

/. n = y. 

From the equation of Entropy, p. 186, 

log/s+C^logA 

Pi v i 

With an adiabatic change no heat is added, so that — <^j) = o. 

/. log/ 2 - ~>log/- = log„fcf, 

Pi <’v Vi °'\vj ’ 

.'. p x v\ = p 2 vl 


Ex. Compression and expansion of hydrogen. (B.Sc. 1923.) 

The characteristic constant for hydrogen is 1382 ft.-lb. units, and its specific heat at 
constant pressure is 3-41. Three cubic feet of this gas at 18° C. and 15 lb. per sq. in. are 
compressed adiabatieally to 200 lb. per sq. in., and then expanded isothermally to the 
original volume of 3 cu. ft. Determine the final pressure of the gas. Calculate the amount 
of heat which must be added to the gas during isothermal expansion, and also the heat 
whioh must be abstracted from the gas after expansion in order to reduce it to its initial 
state and pressure. 


[G V -C V )J = R. 
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For adiabatic compression, p x v\ = p 2 v\. 

v 2 = 0*476 cu. ft. 

’ i 200x0*476 

Final pressure p z = = 31*8 lb. per sq. in. 

For isothermal expansion the temperature is constant; hence there is no gain in 
internal energy, and the heat added 

v 

= The work done = p 2 v 2 log„ — 


200x144x0-476, -3 

“ 1400 l°*.fcTO= IS® 

The only change in i.e. throughout the cycle is during adiabatic compression; hence 
this is the heat to be rejected at the end of the cycle in order to restore initial conditions: 

The work done during adiabatic compression 

, . . /200 x 0-476 — 15 x 3\ 


= 144 


x 0-476 — 15 x 3\ 

14074-1 ) 


17,760 ft.-lb. = 12-68 c.u.tt. 


Ex. Difference between adiabatic and isothermal work. 

Find the difference between the work done in compressing 5 cu. ft. of air at a pressure 
of 15 lb. per sq. in. to a volume of 1 cu. ft. when the compression is adiabatic and iso- 
thermal. 

The difference in work = ^ V - 1 — ^ 2 — —p, v, log f V ~ . ( l ) 

Since the gas is being compressed (the final volume) v 2 will be less than (the initial 
V 1 

volume) v v so that ^ = - , where the integer r is the compression ratio. 

For the same reason (PiV x — p 2 v z ) will be negative, but since log c l/r = -log a r, 
equation (1) still gives the difference in work, although the individual* works were 
obtained for an expansion. 

By (1), and the expressions^ = p 2 v\, we have 


The difference in work = p x v x - 


v> y - a _- 

\vj 


1 v l 

■log,- 


- 15 x 144 x5[^-log,5] 


^7000 ft.-lb. 
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Relation between pressures, volumes, and temperatures, when .the 
expansion follows the law pv n - c. 


Since V\ v i ~ WRT V 


we have 

P'h - £*-* = W R: 
r l\ T 2 WD ’ 

( 1 ) 

also 

Pi”? = P 2 v%. 

( 2 ) 

To express (2) in terms 

of pressures and temperatures, we have 



sr-e-r 

(3) 

Whence by (3) in (2), 

*-( p 'x T *Y 

V 


or 

1 n— 1 

T* [lh\ n „Pi _ (PtX*~ 

T x W 2h W * 


In the same way, 

T % MV '- 1 

% ~ W ’ 



Ex. Adiabatic and isothermal compression of air. 

Ton cubic feet of air at 14-7 lb. per sq. in. and 15° C. are compressed into 3 cu. ft. 
Calculate the final temperature and pressure 

(a) if the compression is isothermal; 

(i b ) if the compression is adiabatic. 

With T constant, p l v 1 — p 2 v t = wRT. 


.'. p 2 = 1 4 *7 x -g- = 49 lb. per sq. in. 

On adiabatic compression, 



T t = (273 + 15) ^=467 

- 273 0 

Final temperature = 194° C. 


Pt 


7 

~ ^ (^j) = “ ^9*5 lb* P er s q* in. 


Ex. Calculation of specific heats. (B.Sc.) 

One pound of air at 364° F. (178*9° C.) expands adiabatically to three times its original 
volume and in the process falls to 60° F . (15*6° C.). The work done during ex pansion jg 
38,410 ft.-lb. Calculate the two specific heats. 
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T t = 451*9° C., T 2 = 288-6° C., 




T, 


451*9 
" 288-6 ' 


(3 )r-». 


Work done during expansion < 

7 l. 

38,410 = 1400 x (^(451*94288*6). 


.\ = 0 * 168 , C,, = 1*408 x 0*| 08 = 0 * 2355 . 

Ex. Weight of gas compressed and initial temperature. (C. and G. 1927.) 

The specific heats at constant volume and constant pressure of a certain gas are 
0*173 and 0*244 respectively. A quantity of this gas occupying 3 cu. ft. at 15 lb. per sq. in. 
is compressed adiabatically to 60 lb. per sq. in. arid the observed temperature rise — 
125° C. Find the weight of gas compressed and its initial temperature. 

?:=fe) r - ••• 

T 2 —T 1 = 125°. 

.*. 2\x 1*497-^ = 125, 


T i — 


125 

0-497 


= 251*5° C. absolute. 


p lVl = wRT v R = ( G p -C v ) J = (0*244 - 0-173) x 1400 = 99*35. 

15x144x3 


w — 


99-35x251-5 


^ = 0*2595 lb. 


Ex. Clement and Desormes’ determination of y. (B.Sc. 1934.) 

Air is forced into a vessel fitted with a thermometer and a pressure gauge. After the 
air has assumed atmospheric temperature the pressure is 150 lb. per sq. in. The vessel 
is then opened for a very short time in which the pressure in the vessel falls to that of the 
atmosphere, 15 lb. per sq. in. When the temperature is again restored to that of the 
atmosphere, the pressure is observed to be 29 lb. per sq. in. Find, from this data, the 
ratio of the specific heats of air. 

Imagine that the air expands behind a piston from p x to p 2 , so that 

T t = T % 
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Then allow this air to have its temperature restored to 2 1 , at constant volume, 
whence 

p 2 v 2 _ wRT l 
p 2 v 2 ~ w'RT t ’ 


Pi "2 


y 1 
y 


. P_3 = T \ (Pli 
" ' lh T i\pJ 
y-} _ lo firPjp? 
~v~ WePilvf 

y—1 log, 29/ 1 5 
y log, 10 

y — 1*402. 


= 0*2803, 



Ex. Clearance volume for a Diesel engine. 

Calculate the necessary cleaninco volume for a Diesel 
engine 20 in. bore, 24 in. stroke, if the temperature at the 
end of compression is to be 600° C. Assume air at the 
beginning of compression is at 15 lb. per sq. in. and 90° C., 


Fig. 14. 


and the compression curve is pv 1 * 33 — c. What will be the compression pressure? 


[v\ n T \ MA"* 1 873 

~ Pl ( t» J ’ T 2 ~ (»>J “ 363 2 ' 4 ' 


"* = 2-4" :,:l = 14-13. 


Let v s ~ swept volume and v 2 — clearance 
volume: 

v 2 ~ 


1413. 
jt x 20 2 x 2 


«.= 


4x144 


13-13' 
4-36 cu. ft. 


: 0-3315 cu. ft. 


p 2 = 1 5( 14-1 3) 1 ' 33 = 510 lb. per sq. in. 



Fig. 15. 


Ex. Air pump exhauster. (London B.Sc. 1933.) 

An air pump is employed to extract air from a large receiver containing F cu. ft. of 
air at atmospheric pressure. If the pump draws in air at a uniform rate of v cu. ft. per 
min. and the temperature of the receiver remains constant, prove that the time in 
reducing the pressure in the receiver by one-half is 0-693 V/v min . 

Let V be the volume of the container, then 

pV = wRT. (1) 

Luring tho extraction of air p and w are the only variables, so differentiating these 

with respect to time t, , _ _ , 

r dp_RTdw 


( 2 ) 
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But the rate of extraction = pv lb. per min. 


But 

whence by (4) in (3), 


Integrating, 


dw V dp 

— — —pv - +- 


dt 


RT dt ' 


P = 


RT’ 


pv 

V dp 

~ RT ~ 

RT dt’ 

••• 

dp 

V ' 


Pi 

-[k>g f p 



V V 

t = - log, 2 = 0 (59B . 
v v 


■(3 >* 
,..(4) 


Collection of valuable formulae that apply to all weights of gases. 

JV’i = wRT v p x v^ - Rot'-}, 


_ (p,\ n- 

Ty W * A ~ XpJ ’ 



Work done, W = ^- x - ^ 2 - 2 . 

n— 1 

V 

When n = 1, IF — Pi^log*--, 

v i 

which is the work done on isothermal expansion. 

When n = y, W = “M*, 

1 y — 1 

which is the work done on adiabatic expansion, and this value also represents 
the change in internal energy of the gas. 

Ex. Work done on adiabatic compression of a gas mixture. (B.Sc. 1930.) 

Define volumetric heat for a given method of heat addition. The difference between * 
the volumetric heats at constant pressure and constant volume for all gases is 1 *985. 
Find the volume occupied at n.t.p. by the weight of gas to which these volumetric 
heats apply. 

The molecular composition of a certain gas is H 2 = 0*4, CH 4 = 0-12, CO ~ 0*28, 
N a = 0*20 and the mean volumetric heats at 0° to 500° C. of these constituents are 

* The negative sign arises from the fact that dw/dt is* in itself negative. 
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H 8 , N f , and CO, 5*0 6; CH 4 , 12-33. Find the work done per standard cubic foot of gas 
during adiabatic compression from 15° to 580° C. 

* (K P -K V ) = 1*985 = M(C V -C V ) = -j- 


Also „ 

Per mol of gas 


pv — wRT. 
w ~ M. 


v = 14 ^ X X 273 = 358 cu. ft. per mol. 
14-7 x 144 

k v = too r% v A K Va + % », K r , + .. .] 

= 5-06(0-4 +0-2 +0-28) + 12-33 x 0-12. 


.*. K v = 5-94. 

During adiabatic compression the work done is equal to the change in internal energy. 
Per mol the change in internal energy 

= 5*94 (580-15) 3360 c.h.u. 

Hence per standard cu. ft. the work done 


3360 

358 


= 9*38 c.Tr.u. 


Ex, Compression temperature allowing for variable specific heats. 

The mean value of the volumetric heat at constant volume from 0° to t° C. for nitrogen 
is approximately 4*96 + 0*0002/. If nitrogen is compressed adiabatically through a 
volume ratio of 15 from an initial temperature of 0° C., show that the index is 1*394, 
and find the final temperature of the gas. 

The change in internal energy per mol of gas = K v dt, and since the mean volu- 

J o 

metric heat is given there is no need to evaluate this integral. 

Work done on adiabatic compression = — Change in internal energy, 


Also 

By (2) in (1), 


2780(3V-T 2 ) 
J(y — 1) 


= -A v (T 2 -T x ). 


K v = ~y = 4-96+0-0002 (T 2 -273). 
^ = 15<r-», T 2 = 273 x 15r-i. 


= 4-96 + 0-0002 x 273 ( 15r-i - 1 ). 


(1) 

(2) 


Substituting y = 1-394 satisfies this equation, so that value must be the index of 

compression. 



T 2 a* 273 x 15° 894 = 791° 
-273 


Final temperature = 518° 
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EXAMPLES 


Isothermal and adiabatic expansions* (Junior Whitworth 1936.) 


Two isothermal expansion lines are drawn for the same quantity of a perfect gas. 
Show that the work done in passing by means of an adiabatio expansion from any 
stated point on one line to the other line is a constant quantity. 

Show that the work done in isothermal expansion of a perfect gas is proportional to 
the absolute temperature if the ratio of the expansion is constant. 

Show that for a given quantity of a perfect gas the ratio of an isothermal expansion 
to carry the gas from a point on one given adiabatic expansion line to another given 
adiabatio expansion line is constant. • 

2. Weight of gas pressure and temperature at jjend of compression. 

The specific heats C v and C v of oxygen are O ^lfS and 0-155 respectively. Calculate 
the weight of 4 cu. ft. of this gas at 20 lb. per sq. ii|. and 25° C. 

If this volume is compressed adiabatically to 1 ^u. ft., what is then its pressure and 
temperature? Arts. 0*4415 lb.; 140*3 lb. per sq. in.; 250° C. 


3. Adiabatic compression of a gas. 


(B.Sc. Part 1, 1937.) 


Prove that the law of adiabatic expansion for a perfect gas is pv* = c. If 10 cu. ft. 
of gas are compressed adiabatically from 15 lb. per sq. in. and 15° C. to 100 lb. per sq. in., 
calculate the weight of gas present, the final temperature, and the work done. 


C p = 0*238; C v » 0*17. 


Arts. 0-788 lb.; 222° C.; 38,760 ft.-lb. 


4. Compression and cooling of a gas. (B.Sc. 1930.) 

The weight of 4 cu. ft. of a certain gas at 15 lb. per sq. in. and 15° C. is 0*476 lb. If this 
quantity ik compressed adiabatically from these initial conditions to a final pressure of 
150 lb. per sq. in. when its volume is 0*643 cu. ft., find the work done during compression 
and also the heat which must be abstracted from the gas to cool it at constant volume 
to its original temperature. 

Hint. During adiabatic compression the whole of the applied energy goes to increase 
the store of internal energy. Reducing the temperature to its original value removes 
this energy, hence heat abstracted is equal to the work done = 20,370 ft.-lb. 

5. Change in internal energy during polytropic compression. (I.M.E. 1935.) 

The air in the cylinder of a Diesel engine at the beginning of the compression stroke 
is at a temperature of 100° C. and 13*5 lb. per sq. in., and its volume is 3 cu. ft. The index 
of the compression curve is 1*35 and the pressure at the end of compression is 500 lb. 
per sq. in. Find the change in internal energy during compression. 

G p = 0*238; C v = 0*169. An s. 16*35 o.H.tr. 

6* Hotting a petrol engine. 

When “hotting” a petrol engine for racing it was considered desirable to raise the 
compression ratio from 4f to 1 to 6J to 1. If the engine is 62 mm. bore and 85 mm. 
stroke, by how much must the thickness of the cylinder head be reduced, and what is 
the final compression pressure, if the law of compression is pv l * = c and initial 
pressure = 13*5 lb. per sq. in. ? Ans, 7*2 mm.; 164 lb. per sq. in. 
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7. Spring loaded piston. (B.Sc. 1923.) 

A cylinder open at one end and 3 in. internal diameter is fitted with a piston which is 
loaded by a coil spring the strength of which is 80 lb. per in. of compression. The cylinder 
contains 0-01fi cu. ft. of air at a temperature of 1 f>° C. and a pressure of 40 lb. per sq. in. 
Find the amount of heat which must be given to the air in order to move the piston 
forward 1 1 in. 

<7, - 0-238; C\ = 0-169. Ans. 0-1822 O.H.TT. 


The rate of heat reception or rejection assuming constant specific heats. 

The amount of heat which flows through the cylinder walls from an external 
source during the expansion of a gas (which is not undergoing chemical action) 
determines the value of the expansion index n. 

With no heat flow n becomes equal to y, and the work done is at the expense 
of the internal energy of the gas. 

With n less than y heat flows in from the external source, and augments the 
work done; in fact, when n - 1, the external supply of heat is entirely responsible 
for the mechanical work during expansion. With n greater than y the reverse 
obtains, and enqrgy is wasted in radiation. 

luom the conservation of energy the heat added is equal to the sum of the 
external work performed, and the change in internal energy (see p. 19). 

When expanding from state ( 1) to state (2) , therefore, 


Heat added per lb. of gas = ^3 + JC V (T Z - 7\) (1 ) 

But C e = -- and pv = IiT. 

= R{T *Z T A = ih v 2-Pi]h (0] 

" 1 7-1 7-1 ‘ 

By (2) in (1 ), Heat added = *3 “33 _ 7>3 

v~l 7 - l 

In genera] Heal added O - (1=2) Work done during expansion. 


Rate 


But pv n = o, therefore 


of heat reception = „ 

dv \y — l) 


dQ 

dv 


"f=l ( rP + 4r)- 


when the mult is positive heat is added, when negative rejected. 
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Ex# Heat leakage to the cylinder walls of an air compressor. 

Air is compressed in such a way that the law of compression is pv 1 ' 2 = c. The initial 
and final pressures are 15 and 150 lb. per sq. in. absolute and the initial temperature 
is 20° C. Find per lb. of air the work done in compression, the change in internal energy, 
and the heat leakage to the walls per lb. of air compressed. ( C P = 0-238; C v = 0-169.) 


The work done when an expansion follows the law pv n is 


But 

By (2) in (1), 


n — 1 

= Pi*! i (Pt\» 

*-u w 


” I {see p. 49). 

p 1 1 \ = RT X per lb. and R 4= ( C v - C v ) J. 


n 1 


72,-1 

_ 96*6x293 
" 0*2 [ l 



( 1 ) 

( 2 ) 


= -66,400 ft. -lb. or 


= -474 o.h.u. per lb. 


Heat added 


(y-_ n \ 

\Y- if 


Work done = 


‘238 


169 

238 

169 


- 1-2 


x (-474) = -24-13 


(Heat added — Work done) = Change in i.ra. 


= -f 23*27 c.h.ij. 


Ex. Leak from an air vessel. (B.Sc. 1934.) 

An air vessel of 2 cu. ft. capacity was pumped up with air, and at the end of the 
pumping operation it showed a pressure of 1100 lb. per sq. in. and a temperature of 
44° C. The air then cooled to the atmospheric temperature 15° C., after which leakage 
occurred down to 300 lb. per sq. in., when the leak was stopped, the temperature of the 
air then being 3° C. 

Find (a) how mtich heat was lost by all the air in the vessel after pumping, but before 
leakage began, and (6) how much heat was lost or gained during leakage by the air 
remaining in the vessel, assuming the index of expansion of the air during leakage to 
be constant. ( R = 96 ft.-lb. per ° C.; C v = 0*17.) 

p L Vj = tv 1 RT v 


Initial weight of air 


1100 x 144x2 
96 x (273 + 44) 


= 1042 lb., 


Heat lost by air prior to leakage = 0*17 x 10-42(44 — 15) = 51-3 o.h.u. 

The effect of the leak is equivalent to imagining the vessel extended, and its end 
replaced by a piston which will do mechanical work equal to the energy expended in 
accelerating the air through the leak. When the pressure has been dropped to 300 lb. per 
sq. in. at 3° C. the motion of the piston is stopped and the original volume of 2 cu. ft. is 
isolated by means of a diaphragm. 
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To find the expansion index, we have the condition that 


n-1 

_ IPt\ " 

T s \pj ' 


T 2SS 

p , = Pi x “, 2 = 1100 x sr? = 1000 lb. per sq. in. 


to— 1 


log 


288 

270 


' 1000 ’ 
log '300" 


The work done 


.-. to = 1-037. 

= = wlijT^Tz) ft lb 

TO— I TO — 1 


10-42 x 96 /288-276\ „ 01 „ 

- -firhif) - 231 ' 8 

Change of internal energy = 017 x 10*42(3— 15) = — 21*25 
Heat received — Work done 4* Change in i.e. = + 210*55 c.h.tx. 

l 

Volume at the end of expansion = 2 °‘ n = 6*4 cu. ft. 

The diaphragm isolates 2 cu. ft. of this volume. 

Heat received by the gas remaining in the vessel 


= — x 210*55 = 65*8 o.h.u, 
0*4 


Ex. Heat produced by after burning, and heat loss to the jacket water In a Diesel 
engine. (B.Sc.) 

Given the stroke of a Diesel engine as 10*5 in., the bore as 6*5 in. and the com- 
pression ratio 14, and making use of the indicator diagram shown in Fig. 16, find how 
much the heat produced by after burning exceeds the loss to the jacket between points 
C and JS. (C p = 0*255; C v = 0*185. Weight of charge = 0*041 lb.) 

Swept volume = ? - 5 - x = 0-2013 cu. ft. 

This is represented by 1-84 in. on the diagram. 

0*2013 

1 in. on the diagram represents — — - = 0-1092 ou. ft. 

0-1415 

0-18 

Volume at C = 0-3215 x 0-1092 = 0-0352 cu. ft. 

0- 1415 

1- 48 


Volume at R = 1-6215 x 0-1092 = 0-178 cu. ft. 
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If the expansion curve is represented by pv n = e, then 


whence 


333 x 0-3215" = 40-4 x 1-6215", 
n = 1-3 and r = j~| = 1-378. 


4 


The net heat added to the gas is the heat supply due to after burning minus the 
jacket loss. 


Net heat added 
Work done 


\r— i/ 


x Work done. 


144 


= (333 x 0-0352 - 40*4 x 0-178) , , AA A _ 
' > 1400 x 0-3 

= 1-55 o.H.tr. t 


Net heat added = |e 1*55 = 0-32 o.H.u. 



EXAMPLES 

(I.M.E. 1934.) 

1. A gas expands according to the law jot' n = c. If Pi > are the initial pressure and volume 
respectively and r is the ratio of expansion, show that the work done by the gas during 
the change is equal to ^ / j \ 

n— 1\ r" -1 / 


and that the heat received is 


(y-A PiVj / l \ 

\y-l)n-i\ r n ~ij ’ 


where y is the ratio of specific heats of the gas. 

1T.T plfl.in why the above formulae fail in the case of isothermal expansion and write 
down the correct expressions for this case.* 

* The reasoning on p. 60 shows that they do not fail. 
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2. Compression of air. (B.Sc. Part I, 1939.) 

One cubic foot of air at a pressure of 14 lb. per sq. in. and 32° C. is compressed to 
901b. per sq. in. The compression follows the law^pi? 1,3 = c. Calculate (a) the volume and 
temperature of the air at the end of compression, (b) the work done in compressing the 
air, (c) the change in its internal energy, and ( d ) the heat discharged through the cylinder 
walls, y = 1-390. Arts. 0-239 cu. ft.; 3600 ft.-lb.; 195° C.; 1-95, 0-624 c.h.u. 

3. Expansion of a gas. (B.Sc. 1936.) 

The volume occupied by 1 -8 lb. of a certain gas is 2*1 cu. ft. at a pressure of 250 lb. per 

sq. in. and expansion takes place in a cylinder from this condition to a final pressure of 
40 lb. per sq. in., according to the la w pv n — c. The temperature of the gas is then found 
to be 103° C. Find the change in internal energy of the gas and the heat passing through 
the cylinder walls. The specific heats for the gas at constant pressure and constant volume 
are 0*211 and 0-105 respectively. Ans . —82*2, —28*6 c.H.tr. 

(B.Sc. Part II, 1937.) 

4. A gas expands against a resistance from an initial pressure p 1 and volume v x to final 
conditions p 2i v 2 according to the law pv n = c. Derive expressions for the work done 
by the gas and the heat supplied during the expansion. 

Twenty cubic feet of air are compressed from 15 to 120 lb. per sq. in. according to the 
law pv l ' 2b « c. Calculate the work done during compression and the quantity of heat 
received or discharged by the gas, stating which it is. 

Ans. 89*200 ft.-lb.; —23*9 c.h.u. discharged. 

5. Rejection of heat by a diatomic gas. 

One pound ol diatomic gas, having a molecular weight of 14, is to be compressed from 
14*7 lb. per sq. in. to 200 lb. per sq. in. absolute. The temperature at the end of com- 
pression must not exceed 100° C. and the initial temperature is 15° C. How much heat 
must be abstracted from the gas during compression? A ns. 79*4 c.h.u 

6. Heat rejection on compression. (B.Sc. Part II, 1939.) 

An air compressor denis with 200 cu. ft. office air per min., the atmospheric pressure 
and temperature being 14-7 lb. per sq. in. and 17° C., and the delivery pressure 120 lb. 
per sq. in. The temperature at the beginning of compression is 30° C. and the pressure 
at 14 lb. per sq. in. Find, from first principles, the quantity of heat, in c.h.u. per min 
given to the cylinder during the first part of the compression stroke, up to the point 
where delivery begins: r 

(a) When the compression is isothermal. 

(b) When the index of compression is 1-25. Ans . 678, 254 c.h.u. 


Ideal heat engine cycles when the working substance is a perfect gas. 

So far ye have obtained the work done by the single expansion of a gas, and 
although in ordnance this completes the cycles of events; yet, for the development 
of power we require a succession of expansion strokes, and these we cannot have 
without the preliminary strokes during which the gas is prepared for expansion 
and later is rejected. 
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In practical engines, then, the gas is passed through a cycle of events, and it is 
the business of some engineers to devise a cycle of events which will yield a 
maximum amount of mechanical energy for a minimum expenditure of heat, 
consistent with reliability and low cost. 

, . Heat converted into useful work 

The ratio , p --pr — i 

total heat supplied 

is the true measure of efficiency of any heat engine, and since it involves heat 
units, it is known as the Thermal efficiency. 

In an actual engine friction and heat losses make the thermal efficiency less 
than that of an ideal engine in which all losses are suppressed. 

To compare the performances of actual and ideal engines using the same 
working fluid the ratio 

Actual thermal efficiency 
Ideal thermal efficiency 

has been introduced, and is known as the Efficiency ratio, the term Relative 
efficiency is usod when the working. fluids differ slightly. 

In searching for an ideal engine let us consider a hydraulic analogy where the 
efficiency is 100 %. 

Suppose we have a water motor, termed the ‘‘Forward Engine”, driving a 
centrifugal pump termed the “Reversed Engine”. The pump elevates the water 
to a tank from which it descends to the motor, and on being exhausted from here 
it is received by the pump and returned to the tank. In the absence of all losses 
the arrangement would run for ever with 100 % efficiency, but unfortunately no 
energy would be available for external use. 

To render energy available we must effect the restoration of the working fluid* 
to its original condition by a natural source of power, and with the hydraulic 
engine this is continually accomplished by the sun. 

In the case of heat engines no such restoration is possible, fuels — which 
required geological ages for their production — are consumed, and the uncon- 
verted heat is thrown on the scrap heap of the universe. Thus we are like spend- 
thrifts living on our capital. 

From the hydraulic analogy the efficient conversion of heat into mechanical 
work implies that all losses must be suppressed. We must throw nothing to waste 
through the exhaust pipe, by radiation, or friction, otherwise the forward engine 
will not drive the reversed. 

Conditions for thermal reversibility in heat engines. 

(1) Internal friction usually set up by eddies, or by the boundary surface, 
must be absent, otherwise mechanical energy will be frittered away as heat. 

* The working fluid is the vehicle for carrying the heat through the organs of the engine, 
and for ideal cycles it is immaterial as to whether this is a liquid or a gas, although a gas, 
hy reason of its greater change in volume, is to be preferred. 


WH E 
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(2) During the transfer of heat the boundary must offer no resistance to the 
passage of heat, otherwise energy, potentially available for conversion, would 
be used in effecting heat transference. 

(3) The supply of heat must be so great that no temperature drop occurs due 
to the extraction of heat by the engine, otherwise the capacity for converting 
heat into work will be progressively reduced with the fall in temperature. This 
reduction would correspond to the progressive lowering of the level in the storage 
tank of the hydraulic analogy. 

(4) To effect uniform distribution of heat throughout the working fluid, with- 
out involving a temperature head, the fluid must be a perfect conductor of heat. 

In real engines none of the conditions for reversibility is strictly complied with, 
since, to cause heat to flow through a boundary, a temperature difference must 
exist across adjacent faces; if the engine is to work, at even a moderate speed, 
eddies in the working fluid cannot be avoided; finally our supply of heat must of 
necessity be of finite dimensions. 

Reversible expansions (the Carnot cycle).* 

In an isothermal expansion the whole of the heat supplied is converted into 
mechanical work, ho obviously this operation should be employed in any engine 
which is to be efficient. For the continuous development of power, however, a 
cycle is essential, p. 65, and this involves a change of temperature. An adiabatic 
expansion will produce a change of temperature without transference of heat and 
its associated loss. 

Using these expansions alone, Sadi Carnot, in 1824, discovered a heat engine 
cycle which for a given temperature range would give the highest possible thermal 
efficiency; other cycles give as high, but none higher. 

Carnot specified a non-conducting cylinder fitted with a perfectly free but 
gas-tight piston, below which was trapped the working fluid (see Fig. 17). 

In the first part of the cycle, heat from an infinite external source flows at a 
temperature T x through a perfect conductor into a perfectly conducting gas, 
resulting in isothermal expansion. 

Next, with the supply of heat shut off, a temperature drop from T x to T 2 is 
secured by adiabatic expansion, which may be considered as a thermal ladder. 

This operation is followed by isothermal compression at T 2f during which heat 
is rejected to an external Sink of infinite capacity. 

Finally, the fluid is returned to its initial state by adiabatic compression. 

The cycle of events may then be repeated. 

Since no transfer of heat, in the form of heat (i.e. as a caloric quantity), occurred 
during the adiabatic operations, then by the Conservation of energy, the differ- 
ence between the heat received and the heat rejected must be the net work done. 

From the equation on p. 19, 

Heat added = Work done 4- Change in i.e., 

* Th© importance of the Carnot cycle was discovered by Lord Kelvin, in 1848. 
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and since the temperature does not change during isothermal operations neither 
■will the internal energy change. 

Heat added = Work done = P\V 1 \og e r 1 , 
where r x = Isothermal expansion ratio v^Vj*; 

Heat rejected = Pz v zlog e r 2 , 
where r a = Isothermal compression ratio « 3 /i7 4 . 



Fig. 17. The Carnot cycle. 


Since the adiabatic operations are responsible for the temperature elevation 
or depression, it is obvious that these will control the value of r x and r t if the cycle 
is to be closed, i.e. 1, 2, 3, 4 is to form a closed curve. 

Now from p. 54, 



5-2 


* See p. 48. 
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and applying this equation to our problem, 

T x \vj \ vj 


i.e. r x = r 2 . 

With this simplification the thermal efficiency rj of the Carnot cycle. 

Pi V 1 l°g*» r l ~~P3 V 3 logtf f 1 

V ~ PlVlloge^ 

But Vi v \ ~ wRTi, p 2 v 3 = wRP 2 , 

, 7 ; - T 2 , T 2 

whence *r) = - ^ = J — T 

where r is the ratio of adiabatic expansion and compression. 

This efficiency will become unity only when T 2 is zero, but of course it can be 
increased by making T x very large compared with r l\. 

In practice T x is controlled by the properties of the materials available for the 
construction of the engine, and, in reciprocating engines, with the ability to 
lubricate the piston. T 2 is fixed by the temperature of the natural sink to which 
the heat is rejected. For, e.g. the sea, a river or the atmosphere. It should bo 
observed that 7 ) is independent of the working fluid. 

To show that no engine may have a higher thermal efficiency. Imagine 
two Carnot engines mechanically coupled and placed back to back (see Fig. 18) 
and that the forward engine is about to move from the point 1, the corresponding 
position of the reversed engine being 1'. 

For the expansion stroke the forward engine requires an amount of heat 
= v'RT x log c r, but on the compression stroke the reversed engine has exactly this 
amount to dispose of; hence all that we need for the transference of this heat is a 
perfect heat-conducting fluid and a perfect heat-conducting cylinder end. 

The adiabatic operations cancel each other, a non-conducting cylinder end 
now separating the cylinders. Finally, when the forward engine is about to dispose 
of heat to the extent wRT 2 log e r, the reversed engine is in need of it to overcome 
the compression of the forward; so again, by a change of cylinder ends, there is 
no thermal loss. The cycle of operations is therefore self-contained; and in the 
absence of mechanical losses an arrangement of this description should run 
for ever. 



The combination of forward and reversed Carnot engines is equivalent to a 
water motor driving a centrifugal pump which in turn supplies the motor, or an 
electric motor driving a dynamo which supplies current to the motor. In the 
absence of losses these systems will run continuously, but no energy is available 
for external work. 


Now Carnot argued, that since his forward engine would drive the reversed 
without any heat being supplied from an external source, then, if a cycle were 
Available which had a higher efficiency than his, and the forward engine operated 
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on this cycle, more power would be developed than required by the reversed 
engine, and this surplus power would be available for external work. 

Thus we would have power developed without the expenditure of fuel, and in 
a world where it is impossible to get something for nothing, the notion is absurd. 

Although the Carnot cycle furnishes a criterion for other heat engines, yet no 
engine has ever been built to work on this cycle, since the available energy over 
a practical temperature range is so small,* and the events of the cycle are 
difficult to control. 



In the author’s conception of the cycle (see Fig. 1 7 ) heat is received direct from 
the sun, and rejected to arctic regions. 

Dr Diesel endeavoured to construct an engine operating on this cycle, but 
finally abandoned it in favour of his own cycle. 

Ex. Carnot cycle. 

A perfect heat engine works on the Carnot cycle between 1000° and 200° C. If this 
engine receives heat at the higher temperature at the rate of 2000 o.H.u. per min., 
compute the h.p. of the engine. 


Efficiency = 


1000 - 


f-°° = 0-628. 


H.P. = 


1273 

0-628 x 2000 x 1400 
33,000 


= 53-3. 


* It is a good exercise to actually plot the indicator diagram to scale in order to see how 
smaU the amount of work developed, for given volumes and pressures, really is. 
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Ex. Carnot cycle. (B.Sc.) 

Half a pound of air passes through a Carnot cycle between temperatures 205° and 
100*6° 0. The ratio of isothermal expansion is 3 and initial pressure of air =* 300 lb. per 
sq. in. absolute. If y = 1*400 and C v =* 0*17, find 

(a) the pressure and volume of the air at the end of the four stages; 

(b) the thermal efficiency of the engine. 

To obtain the condition of the gas at any point in a cycle, we can always apply 
p t v t = wHl\ and (C v —C v ) J — R } 
y = CJC vi R = C V (C P /C V -1)J. 

R = 0*17 x 1400(1*409 — 1) = 97*4. 

For the isothermal expansion 

£ x 97*4 x (205 + 273) 

1,1 ~ 300x144 = °' 539 ’ 


3 x 0-539 = 1-617 cu. ft., 
300 t 

: = 100 lb. per sq. m. 


For the adiabatic expansion 


/’Vr 1 . i T A n t _ 

W ' •• \rj ~v 2 - 


. 478 \b 409 , „ 

• - v ^ h 6 ] 7 [ 373 : 0 ) = 1-617 x 1*826 = 2*95 cu. ft. 

For the adiabatic compression 

v 4 = 0*539 x 1*826 = 0*985 cu. ft. 

For the pressures we have 


rrU • "*-*(*3 • 


100 

(1-279) 3 14 = 42 8 lb ‘ pcr 8C 1- in - 
300 

2-333 = 128 ' 4 ,b - P® 1 ' sq. in. 


Efficiency = = 2 l-85 %. 

Stirling's cycle. 

In 1817 the Rev. Robert Stirling* invented a practical engine (using air as the 
working fluid) winch, theoretically, would give an effldenoy as great a. that of 
the Carnot oyole The cycle (Fig. 19) is identical with the Camoteroept that tile 
adiabatic operation, are replaced by constant volume operations. 

PeLttewiJ 'XT oTb ° f ' A >’» hi "- «*• <“» of the 
- the w mldng^^ K/ST* 
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Stirling used a regenerator for the temporary storage of heat, the operation of 
which may be described as follows. 

Suppose we have a thick pack of fine copper gauze (Fig. 20), so specified that 
its dimensions and conductive properties will allow it to follow rapid thermal 
changes, and through this gauze the working fluid, originally at T v is caused 
to flow. 

In passing over the first layer of gauze the temperature will fall by A T, over the 
second layer by an equal amount, and so on until ultimately the temperature is T 2 . 
Reversal of flow reverses the heating process; so liere we have a graduated method 
of heating, which, in the strict sense of the word f is reversible. 




v 7 - 


J 


Tj-&T 




7 


r,-3Ar 


T,-2&T 


P 

7i+&r 


r,+2AT 


V 

r, 


Fig. 20. 


After isothermal expansion, during which heat was supplied from an external 
source, the air used in Stirling’s engine was passed from left to right through the 
regenerator, and in this way its temperature was lowered (at constant volume) 
to T v 

Isothermal compression, with rejection of heat to a sink, now followed, and 
finally the reversed passage of the air through the regenerator restored the 
temperature to T v 

Since the regenerator operations cancel each other, the ideal efficiency of this 
cycle is identical with that of the Carnot. 

Ex. Stirling engine. 

In 1846 a hot air engine, operating on the Stirling cycle, was used in a Dundee foundry, 
where it developed 60 i.h.p. for a fuel consumption of 1*7 lb. per i.h.p. per hour and 
2-7 lb. per B.H.P. per hour. The working temperatures were 660° and 160° F., and the 
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double-acting cylinder was 16 in. bore with a 4 ft. stroke, b.f.m. 80 . Determine 

(1) The ideal efficiency. 

(2) The efficiency ratio calculated on the r.H.P. basis. 

(3) The mechanical efficiency. 

(4) The indicated mean effective pressure. 

_ . 650— 150 Ado/ 

The ideal efficiency = 4(39 “ 


Taking the calorific value of the fuel as 13, 000 b.t.u., the indicated thermal efficiency 

33,000 x 60 


778 x 1-7 x 13,000 


= 11 * 5 %. 
11-5 


Relative efficiency or efficiency ratio = — 25-6 %. 


1-7 


Mechanical efficiency = £= = 63 % 


P.L.A.N. 

* 33,000 

(l.M.E.P.) X 4 X 7T X 16 2 X 2 X 80 
50 - 4x33,000 

l.M.E.P. — 12-81 lb. per sq. in. 
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Heater Jemp.TJ 
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Fig. 21. The Joule air engine. 
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The Joule air engine. 

In common with some other types of hot air engines, this engine (shown in 
Fig. 21) consists of a heater and a cooler, an expansion cylinder and a com- 
pression cylinder. The volumes of the heater and the cooler are so great that the 
pressure in them remains sensibly constant when the engine is working. 

When operating, the expansion cylinder takes in a volume ab at pressure p x 
and expands this adiabatically to p a , the volume cd is then rejected at constant 
pressure p t to the cooler, which causes the volume to contract to de, and in con- 
sequence the compressor cylinder is of smaller boro than the expansion cylinder. 

Simultaneously with those operations the compressor takes an equal weight of 
air from the cooler, and compresses it adiabatically to pressure p lt at which 
pressure the air is discharged to the heater. 

Superposing the indicator diagram 
on a volume base gives the net area beef. 


received per lb. of working fluid 
= G p (T b -T,) 


the efficiency 


= C p (T b -T, )-C v (T c -T e ) 
' ~ C p (T b — Tj) 



•( 1 ) 


Fig. 22. Indicator diagram foi 
Joule air engine. 


V XT,-!))' 

Further, since expansion and compression ratios are equal, 


T h 


from this 
By (2) in (1), 


tl = _ r r- 1; 

Te T c 

Z T h 


T 

x e 


t; 


•(2) 


T T 


l\r-» 


which is the same efficiency as the Carnot and Otto cycles reckoned on the 
adiabatic compression ratio; but it is inferior to the Carnot, because T f is not the 
T 

lowest temperature in the cycle. The Carnot efficiency would be 1 — ■— . 

d-b 

At one time the most important application of this engine was in its reversed 
form as a refrigerator, but the bulkiness of the cylinders and the poor conductivity 
of air have caused it to be superseded. 
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Otto cycle. 

In 1862 Beau de Rochas described a cycle on which most present-day gas and 
petrol engines operate. In practical form this cycle was introduced by Otto ml 876. 

Assumptions: As in the previous cycles, we assume that the working fluid is 
a perfect gas (having constant specific heats) and that this gas is not subjected 
to chemical action, and may therefore be used over and over again, being merely 
heated and cooled to produce power. The further assumptions are that the ideal 
indicator diagram is strictly followed (i.e. we merely have constant volume and 
adiabatic operations) and that heat losses are suppressed. 

In practice chemical action causes very complex pressure and volume changes, 
and imperfections in the working fluid never allow the ideal efficiency to be 
attained. However, the ideal cycle acts as a critical basis of analysis, and consists 
of the following operations: 

(1) Adiabatic compression. 

(2) Heating at constant volume. 

(3) Adiabatic expansion. 

(4) Rejection of heat at constant volume. 



Fig. 23. The Otto cycle. 


Heat added per lb. of gas = C V (T 3 — T z ), 

Heat rejected per lb. of gas = C V (T 4 — 2\), 

Work done = C„(T 3 - T 2 ) - C V (T, - T x ), 


Efficiency 


c v (T 3 -t 2 ) 


But the ratios of compression and expansion are equal, therefore 


T, T 3 


•( 1 ) 
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Hence taking*out T x and T 2 as common factors in (1), we have 



which by (2) and (3) reduces to 

,-l-| or »-I-(;) r " 

In this result it should be observed that T 2 iaj not the highest temperature in 
the cycle, and therefore the efficiency is less than the Carnot, which, for the 
temperature range obtaining, would be 1 — TJTj* 

The result shows that high thermal efficiency|can only be obtained with large 
compression ratios, and the smaller the difference between T 3 and T 2 the more 
closely is the Carnot efficiency approached, bulb at the expense of a reduction 
in power. ' \ 

Taking y as 1*4 (the ratio of specific heats of air), the value of tj is known as the 
Air standard efficiency (a.s.e.) of the engine, an efficiency which is most 
sensitive to changes in r when r has a low value. Raising r from 2 to 4 improves 
7j from 0-24 and 0*424; on the other hand, doubling the compression ratio from 
10 to 20 only increases r) from 0*6 to 0*695. 


Ex. Otto cycle. (Inst. Mech. 1925.) 

Establish an expression for the air standard efficiency of an engine working on the 
Otto cycle. If an engine working on this cycle has its compression ratio raised from 5 
to 6, find the percentage increase in efficiency. 


/ 1 \r “ l 

Air standard efficiency = 1 — j 
Percentage increase = 


"H 

(11 

r v 

r 

-i+i 

I 

ri 


1- 

P- 

r 




x 100 




x 100 



x 100 
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Ex. Gas engine. (C. and G.) 

A gas engine has a cylinder 8 in. bore and 17 in. stroke. The clearance volume is 
0-123 ou. ft. Find the ideal efficiency. 

If the relative efficiency is 0-45, find the gas consumption per h.p. hour if the 
calorific value of the gas is 260 lb. cal. per cu. ft. 

>fT v 4 1 7 

Swept volume = * \2 ~ ^ cu * ^ 


Clearance volume =0*123 

Total volume = 0*617 ou. ft. 


Ratio of compression = 


0*617 

0*123 


5*015. 


/ 1 \°‘ 4 

Air standard efficiency = 1 — ( 5-015/ ~ ^ ^ 

_ _ . _ . Actual thermal efficiency n AK 

Relative efficiency = /VL - — ^ . = U*4o. 

J Otto efficiency 


Net efficiency = 0*45 x 0*484 = 0*2179. 

tt , . , 33,000x60 _ mA1 . . 

Heat required fom.p. per hour = x 0*2179 = ca *- 

Gas consumption = = 25 cu. ft. per hr. 


The Diesel cycle. 

Dr Rudolph Diesel in 1897 introduced his own cycle as the nearest practical 
approach to the Carnot. This cycle (shown 
in Fig. 24) in the ideal form consists 
of: . 


(1) Adiabatic compression of the work- 
ing fluid (1 to 2). 

(2) Heating at constant pressure (2 to 3). 

(3) Adiabatic expansion (3 to 4). 

(4) Rejection of heat at constant volume 
(4 to 1). 


Adiabatics 


P I 



Fig. 24. The Diesel engine cycle. 


Air standard efficiency of Diesel engine (a.s.e.). 

In a Diesel engine most of the working fluid is air, so it is customary to compare 
the performance of an actual engine with this air standard. 

If tv lb. of air are in the cylinder, then 

Heat supplied = tvC p (T a -T 2 ), 

Heat rejected = wC v (T t -T x ). 
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The other operations being adiabatic, there is no transfer of heat; whence the 
efficiency of an engine, which merely expands and contracts air without any 
chemical action, is given by 

„ = wC v {T 2 -T 2 )-wC r {T t -T 2 ) 

‘ " wC p {T 3 -T 2 ) 


1 

v p \t 9 -tJ- 


(1) 


In practice pressures and volumes are more readily measured than fluctuating 
temperatures, so that rj is usually expressed in terms of r x and r 2 . 


Let r x be the compression ratio = — . Let r 2 be the expansion ratio = — . 

2 ^3 

Then ^ = rp 1 and (2) 


also , and (since p 2 =p 3 ) this become$ 


T* 


t 3 = t 2 


1 a 


.(3) 


Now in order to express (1) in terms of r v r 2 and y we must eliminate T by 
expressing all the temperatures in terms of one, say T v thus: 


By (2) and (3), 

The dodge to express vjv 2 in terms of r 1 and r 2 is to write vjv 2 as 


v o v t 
- 3 x- 

v A Vo 


4 M . 


whence 


and 


•VO'- 


T _T, _ T,r\ 

- Zy-i ~ 


Substituting the values of T in (1) and writing C p jC v = y, we have 


1- 






nr- 1 1 

x - 

r 


D’ 


l n 


r x is > r 2 . 


-*>1. 


•( 4 ) 

.(5) 


.( 6 ) 


For a given compression ratio r v therefore, the more nearly r 2 is made to 
approach r x the greater the efficiency, and in the limit when r 1 = r 2 the efficiency 
is that of the Otto, as is evident from the indicator diagram. Substituting r x = r 2 
in (6) affords a check on the accuracy of the analysis (see p. 78). 
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To show that for the same compression ratio, the Otto cycle is more 
efficient than the Diesel. 


For the Otto, 7 

For the Diesel, 7=1- 


-GT 


/ 1 \r-i ] 

’ W y 




l!-l 


L r. 


Let r 2 s= r x — J, where A is a small quantity, then 


-('-a 




A A 2 A 3 
l + r' + r® + r3 + •••» 


( r i\ y _ r\ _ / A\-y _ _ / ~/l\ _ y(-y-i)/-^\ 2 

U) V f J ' r ! / 2! 1 r i / 

_ , X‘J 4 . y(y±. 1 ) 4 2 + y(y t 1 )Jy + 2 1^! + 

r x 2!rf 3 ! rf 


/I , 7+i A 2 (y+l )(y + 2) /I 3 , ' 

» At • o * n i • ..a *r • • • 


2! ' r\ 


A A 2 A 3 

+ r\ + r\ + 


Since the coefficients of the terms A]r v zl 2 /rf, etc. in the numerator are > 1, 
the ratio in brackets is > 1 ; whence instead of subtracting from unity, 

as in the Otto cycle, we subtract something greater; hence, for the same com- 
pression ratio, the Diesel engine efficiency is less than the Otto. 

In the limit when A -> 0 the two efficiencies become equal. 

From this result we can see the importance of cutting off the supply of fuel 
early on the forward stroke; a condition which, because of the small time available 
and the high pressures involved, introduces practical difficulties with high speed 
engines, and necessitates very rigid fuel injection gear. 

In practice the Diesel engine shows a better efficiency than Otto cycle 
engines, because the compression of air alone allows a greater compression 
ratio to be employed. With a mixture of fuel and air, as in practical Otto 
engines, the maximum temperature developed by compression must not exceed 
the ignition temperature of the mixture; hence a definite limit is imposed on 
the maximum value of the compression ratio. 
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Ex. A Diesel engine has a compression ratio of 14 ancf cut off takes place at 6% of 
the stroke. Find the a.s.e. 


Referring to Fig. 24, 


= 006, 


But from p. 77, 


3 „ 3 x ?»„!&. 

Vo V, Vo r.1 


whence 


= 0 06 . 

— A 


rjr t = 1+0-06(14-1);= 1-78, 

■-'-r'-JKK 

■'-©•'•nFSSO— 

The dual combustion cycle. j 

In order to allow more time for the combustion of the fuel in a Diesel engine, 
without adversely affecting the efficiency, it 
is often arranged, in engines of moderate 
power, for the injection of the fuel to commence h rT7 ty 

before the end of the compression stroke ; so that ; \ 

combustion proceeds partly at constant volume \ 

and partly at approximately constant pressure, \ 

the proportions depending on the injection P | 
setting, engine speed, and rate of combustion. 

Consider one lb. of working fluid having 
constant specific heats; then, from Fig. 25, 

Heat added at constant volume = C v ( 3F 3 - T 2 ) } 1 

Heat added at constant pressure = C p (T 4 — T 3 ) 9 

Heat rejected at constant volume = G v (T b — T x ). I jg ‘ 2l> * Ihe dual combustion cycle. 

™ • C v (Tz -T 2 ) + CJT 4 - T s ) - C r (7\ - 7\) 

The efficiency 7 

= 1 (1) 

(Tz-TJ + ya'i-T,)- } 


V = ~- 


Let r x be the compression ratio 


r 2 be the cut off ratio 


r 8 be the explosion or pressure ratio = 



80 Expansion of Gases and Ideal Cycles 

To eliminate temperature express everything in terms of T v thus: 

T 2 = 7\rr l , 

T s = r 3 T 3 = T x r\~ l r 3 , 

T* = r 2 T 3 = 7\rp ] r 2 r 3 , 


By (2), (3), (4) and (5) in(l), 


V = i- 


T > = = TxAH - 

r\r 3 -\ 


(rV ' r 3 - rp 1 ) + y(rp* r 3 r 3 - rp 1 r 3 ) 


= j 1 r h r \zl i 

rr l L( r a — i) + yr 3 (r 2 — 1)J* 


•U + T^V 

Ab a cheek on this equation, we have, when r 2 = 1, i.e. v t — v 3 , 

— (r- 

which is the a. s.k. of the Otto cycle. 

When — 2 ) 2 > then r 3 = 1, and (6) reduces to 


( 2 ) 

(3) 

(4) 


( 6 ) 



which is the Diesel efficiency. 

It is on the dual combustion cycle that most high speed 
ongines now operate. 


compression ignition 


Ex. An oil engine working on the dual combustion cycle has a cylinder 8 in. bore and 
a stroke of 1(5 in. The compression ratio is 13-5, and the explosion ratio obtained from 
an indicator card is 1-41 . From the indicator it was also found that the cut off occurred 
at 4 9 % of the stroke. Find the ideal efficiency. 

Swept volume = — x 16 = 804 cu. in. 

— 13-o. .*. « s +v c = 13-5»,,. 

= 64-3 cu. in. 

With cut off at 4-9 % of stroke: 

Swept volume at cut off = 0-049 x 804 = 39-4 cu. in. 

Total volume at cut off = 39-4+64-3 = 103-7 cu. in. 

103-7 
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Efficiency = 


1 T 1-41 x 1-612 1 * 4 — 1 
13*5° 7 * Ll-41 — 1 -hi -41 x 1*4 (1*612 — 1) 


= 1 


1 r 1*755 1 

2*84 LO-41 -f 0*864 j 


= 1-0*38 = 62%. 


Special types of air cycles. 

Although the main types of air cycles have been treated in the preceding pages, 
yet examiners (in order to test the student’s knowledge of fundamentals) often 
search for special types of cycles; examples of which will bo found in succeeding 
pages. j 

Since in all ideal cycles we consider that the c^cle is closed, and all losses are 
suppressed, then by the conservation of energy, | 

(Heat supplied — the heat rejectee!) = Work done, 


and the thermal efficiency is 


Work done : 

a j 

Heat supplied * 


From these expressions it should be appreciated that there is no need to 
obtain laboriously the area of the indicator diagram, appropriate to the cycle, 
in order to obtain the work done ; we merely need the temperatures during heating 
and cooling, and the specific heats of the working fluid. 


Ex. The Humphrey gas pump. (I.M.E. 1936.) 

The ideal cycle upon which the Humphrey gas pump is based is one in which heat 
is received at constant volume, and discharged at constant (atmospheric) pressure, 
expansion and compression being adiabatic. If r is the ratio of compression and e 
the expansion ratio, show that the efficiency of the cycle is 

1 

ey—ry ' 

where y is the ratio of the specific heats of the working fluid. 

Heat received per lb. of gas = C V (T 2 — T x ) t 

Heat rejected per lb. of gas = C P (T 3 — 5P 4 ), 

^ ^ . Heat received — Heat rejected 

Efficiency = q . — - — , . 

J Heat received 


V CATt-Tj- 


To eliminate temperature from (1), 


j»i»i 

T, 

v x = v.,. . 

p„tf, _ Pz vl 

PA pA 


_Pt»2 

— 'P > 
1 2 


T — T 
1 2 — 1 1 


Pi 

Pi 


and p 8 =j 


( 1 ) 


•( 2 ) 
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Pi \«« ty 

(3) 

But 

~ = r and - 3 = -J = e . 

v 1 v 2 v x 

(4) 

By (4) in (3), 

j)T 

II 

5* PH 

(5) 

By (5) in (2), 

II 

(6) 

Also 

= r?- 1 and ^, 2 = e?-\ 

(7) 

By (7) and (6), 

rp _ _?1 rp _ 1 / e \ y _ Tje 

* rr~ 1 ' 3 er- l \r/ rr * 

(8) 

By (6) and (8) in (1), 

‘ 7 L (e/r)r_l J 

- >-*[£*]• 



Operation of the Humphrey pump. 

The chamber A in Fig. 26 contains an 
electric spark. The pressure developed by 
the explosion drives the water through 
the delivery pipe with such violence that 
the motion of the water continues after 
the explosive pressure falls below atmo- 
spheric. 

The direct result of this reduction in 
pressure is to open the exhaust valve, and 
to cause water to flow into chamber B 
through the suction valves. 

On the pressure wave being reflected, 
the suction valves are closed and the 
product of combustion expelled; whilst 
the impact of water on the exhaust valve 
closes it and again reflects the wave. 

This reflection reduces the pressure in 
chamber A and thereby lifts the lightly 
loaded suction valve so as to allow a fresh 
explosive charge to enter . 4 . On the final 
reflection of the pressure wave this charge 
is compressed and fired. 


explosive charge that is fired by an 
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1, Carnot cycle. 


EXAMPLES 


(B.Sc. 1931.) 


Prove that a heat engine working on the Carnot cycle between given temperature 
limits is the most efficient of all heat engines working between these limits. 

Sketch to scale the pv diagram of an engine working on the Carnot cycle between 
temperature limits 500° and 300° C. absolute, if the highest pressure in the cycle is 
200 lb. per sq. in. and the least volume is 0*1 cu. ft. and maximum volume 1 cu. ft. 


Write down the pressure and volume at the end of each operation. 

Arts. Volumes: 0-1, 0-2793, 1 0, 0-358. Pressures: 200, 71-6, 12, 33*5. 


2. Reversibility and the Carnot cycle. Ideal fluid. (B.Sc. 1935.) 

What do you understand by the term reversibility when used in the thermodynamic 
sense? 

Prove that the efficiency of an engine working oh a reversible cycle between tern- 

T — T» 

peratures T x and T z is equal to — ~ — -, and show that no engine can be more efficient 

1 1 * 

than this when working over the same temperature yange. 

What properties of a working fluid operating on jfche Rankine cycle will permit the 
efficiency to approach that of the Carnot ? Ans. See p. 178. 


3. Stirling and Joule engines. 

Compare the efficiency of a Stirling engine which works between temperature limits 
of 400° and 50° C. with a Joule air engine in which adiabatic compression elevates the 
temperature from 50° to 400° C. 

Ans . Efficiency of Stirling, 52 % . Efficiency of Joule, 52 %, 

4. Gas engine. (B.Sc. 1924.) 

The pressures at J and | of the compression stroke of a gas engine are 13 and 67 lb. 

per sq. in. Assuming a compression law of pv l2H = c, find the compression ratio of the 
engine. 

Calculate the ideal efficiency of the engine and find the gas consumption per i.h.p. 
hour if the relative efficiency is 0-5. The calorific value of the gas is 280 c.h.u. per cu. ft. 

Ans. 5-9; 51-3%; 19-68 cu. ft. per hr. 

5. Otto cycle. 

A gas engine working on the Otto cycle has a cylinder diameter 7 in. and stroke 10 in* 
The clearance volume is 90 cu. in. Find the air standard efficiency of this engine. 

Ans. 48-6%. 

6. Show that for a given compression ratio the Diesel cycle is less efficient than the 
Otto cycle. 

This being so, explain why the Diesel engine in practice is able to show a higher 
efficiency. 

7. Diesel engine. (London B.Sc. 1924.) 

The pressures on the compression curve of a Diesel engine are found to be 

at J stroke, 23-4 lb. per sq. in. 
and at | stroke, 161 lb. per sq. in. 

Estimate the compression ratio. 

Calculate the ideal efficiency of the engine if cut off occurs at one-fifteenth of the 
stroke. Ans. 12*5 to 1 ; 58-8 %. 


0-2 
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8. Variation of Diesel ideal cycle. (B.So* 1924.) 

The ratio of the weight of air to fuel supplied to a Diesel engine is 50. The oil has a 
c.v. of 90(H) c.h.u. per lb. The temperature of the air at the beginning of compression is 
20° 0\ and the c.n. = 14. What is the theoretical efficiency of an engine if it is assumed 
that the heat is produced and supplied at constant pressure and that the working 
substance is air? ( C P = 0*238; G v = 0109.) Ans. 61 % . 


9. Dual combustion cycle. (I.M.E.) 

Show that an engine working on the dual combustion cycle, and using ideal air as a 
working fluid, has an efficiency given by 


1 - 


/i\Hr apy-i _ 1 

W L(a-l) + ya(/i-l)J 


where r = compression ratio, a = explosion ratio, p = cut off, y = ratio of specific heats. 


10. Dual combustion cycle. (Whitworth 1923.) 

Air at a pressure of 15 lb. per sq. in. and temperature 10° C. is drawm into a cylinder, 
it is then compressed to £ of its previous volume. Heat is then given to it, at constant 
volume, until its pressure is doubled, and then at constant pressure for of piston 
stroke. The air is then expanded adiabatically to the end of the stroke, i.e. until the 
original volume is reached. Find the temperature of the air at the end of expansion 
and the efficiency of the cycle. (Specific heats, 0*24 and 017.) Ans. 730° C., 45-6 % . 


11 . Dual combustion cycle. (B.Sc. 1940.) 

k The ideal cycle of an engine may be assumed to consist of (i) adiabatic compression, 
(ii) constant volume heat addition, (iii) constant pressure heat addition, (iv) adiabatic 
expansion, (v) constant volume heat rejection to the initial temperature. 

For an engine operating on this cycle, the compression ratio is 10 : 1 and the initial 
pressure and temperature are 14 lb. per sq. in. and 100° C. respectively. If the maximum 
pressure is limited to 1000 lb. per sq. in., and the heat supplied per lb. of air is 400 c.h.u., 
determine the ideal air standard efficiency. Ans . 59*5 %. 

12 . Special cycles. (B.Sc. 1934.) 

The cycle of an engine consists of three stages: an isothermal compression, an increase 

of pressure at constant volume, and an adiabatic expansion. If r is the ratio of expansion 
and compression, show that the efficiency is 

_ B log. r 
J cV(rr-*“ij- 

In such a cycle air is supplied at 15 lb. per sq, in. and 27° C. and compressed to 
75 lb. per sq. in. (G v « 0*238; C v = 017.) 

Find, per pound of air, the heat supplied in c.h.u. and the work done in ft. -lb. per 
cycle, Ans. 46*1 c.h.u. ; 18,460 ft.-lb. 

13 . A pound of air is first expanded isothermally at a temperature of 250° C. from 6001b. 

per sq. in. to 150 lb, per sq. in. absolute, and then adiabatically to 10 lb. per sq. in. 
absolute. The air is then cooled at constant pressure and is finally restored to the initial 
state by adiabatic compression. Calculate the external work done by the air per cycle, 
and find the efficiency of the cycle. Ans . 37,100 ft.-lb. ; 61%, 
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(B.Sc. 1930.) 

14. Find the ideal efficiency of the following air engine cycle: Air is compressed 
adiabatically from 15 lb. per sq. in. and 80° C. through a compression ratio of 5; heat 
is added at constant volume until the pressure is 500 lb. per sq. in.; the charge then 
expands adiabatically to 15 lb. per sq. in. and finally is brought back to its original 
state by rejecting heat at constant pressure. Assume the specific heat at constant 
volume is constant and = 0-169 and y = 1*4. 

Compare this efficiency with that of the Ol to cycle having the same compression ratio. 

Am. 57-5%; 47-5%. 


: (B.Sc. 1937.) 

15 . In an internal combustion engine cycle, the heatjs all supplied at constant volume, 
compression and expansion are adiabatic, and the expansion is continued until the 
pressure is reduced to that at the beginning of compression. Sketch this cycle on the 
pressure-volume diagram, and compare it with the (diagram for the Otto or constant 
volume cycle, for the same charge weight, the same compression ratio, and the same 
heat supply. \ 

The efficiency of the extended expansion cycle is represented by the expression 

1—^-1 [" Vt ' 1 '] ’ w ^ ere r 19 ra *’° v °l ume8 before and after compression, 

a is the ratio of the pressure after and before the addition of heat, and y is the ratio of 
the specific heats at constant pressure and constant volume. Find for a case where 
r = 6; a = 2-5; y = 1-4: 

(i) the ratio of the work done in the two cycles for the same charge weight; 

(ii) the ratio of the cylinder volumes for the two cycles. 

Am. (i) 51-2%; (ii) 67-9%. 


(B.Sc. 1935.) 

16. An early type of gas engine worked on the following pressure- volume cycle. The 
“combustion” volume was filled with the explosive mixture at atmospheric pressure, 
15 lb. per sq. in. and at 77° C.; this charge was ignited, combustion taking place at 
constant volume; expansion then took place adiabatically down to atmospheric pres- 
sure, and was followed by exhaust at atmospheric pressure. Show this cycle for 1 lb. of 
mixture (a) as a pressure- volume diagram , (b) as a temperature-entropy diagram , giving 
the values at the ends of the stages, for the case where the expansion ratio is 3 to 1. 
(C„ = 0-238 and C 9 — 0-17 throughout for the working substance.) 

Ans. At end of ignition, 69-8 lb. per sq. in. ; 1626° C. absolute. At end of expansion, 
p - 15 lb. per sq. in. ; 1046° C. absolute. Change in <j> = 0-261. 
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THE THEORY AND PRACTICE OF AIR 
COMPRESSORS AND OF AIR MOTORS 

Compressed air. 

That air should be compressed merely to be expanded again seems rather 
paradoxical, but for some purposes compressed air has so many advantages 
over other methods of power transmission that it has established itself securely 
against all rivals, whilst in some fields it stands alone. To mention but a few 
purposes for which compressed air is employed : 

(1) In mining for operating pneumatic drills, picks, spades, etc., haulage, 
pumps, motor generators, drill sharpeners, coal cutters, etc. 

(2) In engineering generally for operating drills, hammers, hoists, tube 
scalers, paint sprayers, chucks, pile drivers, fuel atomisers, blast furnaces, 
torpedoes, etc., Bessemer converters, starting T.c. engines, supercharging. 

(3) In general for pneumatic tyres, pneumatic tubes for conveyance of 
messages, lift gates, liquid air and separation of gases, air lift pumps, compression 
of lighting gas, glass blowing, air dash pots. 

Of all the applications cited that of mining is the most important, since com- 
pressed air allows the ore body to be attacked at many points without any 
danger— -or change from steam equipment. The exhaust air also ventilates the 
workings — an important consideration when driving a tunnel, and great power 
and speed variation are obtainable from robust and simple plant. 

Classification of compressors. 

Gas or air compressors may bo divided into two main classes: reciprocating 
and rotary. With the exception of the valve gear a reciprocating compressor 
resembles very closely the mechanism of a steam or internal combustion engine, 
whilst rotary compressors are akin to rotary pumps. 

Compressors which are employed to produce a vacuum are known as Air 
pumps or Exhausters, whilst those which produce pressures between 0 and 10 lb. 
per in. gauge are known as Blowers, no qualification being assigned to machines 
which create higher pressures unless they are employed to elevate a pressure 
already above atmospheric, in which case we have a Booster. 

The compression cycle. 

In the commercial compression of a gas we are concerned not only with elevating 
the pressure, but also with discharging the compressed gas to a receiver and 
inducing a fresh supply of gas into the compressor. 
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By the work done in compression — when loosely applied in connection with 
compressors — is generally implied the work done on the whole cycle, w r hich 
comprises induction, compression and discharge; in fact, if the Compression* 
index n 9 in the expression pv n = c, is equal to y, the ratio of the specific heats, 



and clearance and leakage are absent, the compression cycle is the reversed 
Rankine, and the total work done is given by 

•< i > 

(see p. 177), the terms inside the bracket being reversed because the initial 
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pressure p x is less than p 2 , and in the original arrangement this would quite 
properly make W (the work done by the gas) negative. 

Replacing y by n gives the work done on the gas during cycle as 

’ -l}* (2) 

In the special case of isothermal compression n = 1, whence from p. 50, 
equation (2) becomes 

w = p 1 v l log e ^ 2 . 

In isothermal compression there is no gain of internal energy, or in pressure 
energy, since the temperature remains constant and p x v i = p 2 v 2 ; therefore by 
the Conservation Law, p. 19, the entire work of compression is discharged to the 
cooling water (see pp. 92 and 94). 

On these considerations it would appear useless to compress a gas ; actually, 
however, the increased pressure of the gas enables it to expand to a lower pressure 
and temperature given by 


n~ 1 



When n = 1 in the previous expressions a supply of heat enters the gas and 
does an amount of work equal to that done in compression. When n = y work 
is done at the expense of internal energy. 

Equation (2) is the most convenient expression from which to determine the 
work done on the compression cycle, because, for any particular purpose, the 
Delivery pressure p 2 , and the aspirated or Free volume of air v v are known, 
whilst p 2 and T x are usually controlled by atmospheric conditions. 


Ex. Bore and stroke for a double-acting single-stage compressor. 

Determine the size ot cylinder for a double-acting air compressor of 50 i.h.p. in which 
the air is drawn in at 15 lb. per sq. in. pressure and 00° F., and compressed according 

- 600 90 lb - ^ 8q - in - r p m - = 10 ° : aVCTage piSt0D 8pe6d 


Work done per stroke = 

(n~l) Pl 


n-1 


(»V !(£) ■'->) 

0 2 

1*2 . f/90Yi 2 ) 

= 31*32 lb. per sq. in. 

For the restriction on this equation see p, 759. 
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Let A be the cross-sectional area of the piston in sq. in., then 

A x 31-32 x 500 = 50 x 33,000, 

A 33,000 _ Ar _ . 

A = = 105-30 sq. m. 

Diameter of cylinder = J * = 1 1*58 in. 


Stroke = 


500 

2x100 


7 t/4 
= 2-5 ft. 


The best value of the compression index rtl 

If the air could be used for the development 6f work immediately after com- 
pression — as in the missed cycle of an internal; combustion engine — the actual 
value of n would be immaterial, because any increase in internal energy due to n 
being greater than unity could be re-converted infe> mechanical work on expansion. 

Generally, however, air is compressed with a view to transmitting power, and 
unless elaborate precautions are taken against radiation some of the internal 
energy imparted during compression will be lost. For this reason then — apart 
from lubrication troubles that attend high temperatures — it is very desirable to 
compress isothcrmally, for which n = 1. 


Isothermal efficiency (or compression efficiency). 

The performance of an actual reciprocating compressor is expressed by the ratio 

Isothermal work 
Indicated work 9 

which is known as the Isothermal efficiency, the isothermal work being 
given by 

P 1*1 log*^. 

where v x is the volume of free air delivered, i.e. the delivered air reduced to 
intake pressure and temperature, not the volume swept out by the piston. 

The indicated work must be obtained from indicator diagrams unless the 
diagram factor can be estimated from experience with similar machines. 

In many compressors the overall isothermal efficiency is defined by 

Isothermal h.p. 

b.h.p. applied to the compressor’ 

and is of the order of 60 %. 

Ex. It is desired to compress 50 lb. of air per min. to a pressure of 85 lb. per sq. in. 
absolute in a compressor having an isothermal efficiency of 77 %. If the atmospheric 
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conditions at the point where the compressor is situated are 50° F. and 13*8 lb. per 
sq. in. absolute, what will be the i.h.p. of the compressor? 

. Isothermal work done 

isothermal efficiency = — . - — T • 

17 Actual work done 

Actual work per lb. of air 

13-8x 144 (14-7x12-30 510 k 85 

“ OT7 X | IH-W *4021 

= 04, NX) ft.-Ib. 


.*. l.H.l*. 


64,100x50 
~ 33,000 


Ex. An air compressor driven directly by a Diesel engine handles 1000 cu. ft. of free air 
per min., the induction pressure being 14 lb. per sq. in., the temperature 60° F., and the 
compression pressure 175 lb. per sq. in. absolute. If the overall isothermal efficiency 
of the compressor is 70 % and the brake thermal efficiency of the engine 25 %, find the 
gallons of oil required per day of 24 hr. if each gallon liberates 147,000 b.t.U. 

Actual work per 1000 cu. ft. of air to be supplied by oil 


14-Ox 144 
0-70 x 0-25 


(1000) log. 


175 

14 


Gallons of oil per min. 


Henco per 24 hr., 


= 400,700. 

140x144x1000 log, 

0-7 x 0-25x147,000x778 = °' 2547 * 

Oil consumed = 0-2547 x 60 x 24 
= 366*6 gallons. 


Methods of improving the isothermal efficiency of compressors. 

The sole object of all the methods in use is to reduce the final temperature 

T 2 so that the actual work approaches more closely to that in isothermal 
compression. 

(1) In early compressors, air was 
compressed over water with a view $ ac tion 
to removing the heat generated (see 
Fig. 28). Unfortunately the speed 
of compression was limited by the 
inertia of the water, which caused 
water hammer, and spray was 

carried over into the delivery pipe, 28. 

which caused ice to choke the rock’drills operated by this compressor. 
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(2) Hydraulic compressor. Perhaps the only isothermal compressor in use 
to-day is the hydraulic type, in which impounded water is allowed to fall through 
a Venturi throat. The throat causes the pressure at this point to be less than 
atmospheric, and thereby air is drawn into a cavern in which the roof is higher 
than the water outlet from the chamber. To allow for friction, and to produce a 
downward velocity in excess of the upward velocity of the air bubbles, the actual 
discharge outlet must be lower than the water inlet, which is fitted with strainers 
and air pipes that lead to the Venturi throat. 

A notable example of this type of compressor occurs at Ragged Chutes in 
Northern Ontario, in which the original fall at Ragged Chutes was dammed, and 
the Montreal River discharged down a vertical shaft 242 ft. deep to rise from 
another shaft at a lower level (see Pig. 29). 



The air drawn in at the Venturi is released in the cavern, where it is available 
for use. The wet discharge from the blow-off pipe, when the air was wasted, was 
quite a spectacle. 

Small hydraulic compressor. 

When the Mont Cenis tunnel was being driven a compressor was designed on 
the lines of the one shown in Fig. .*10. 

In this compressor the inlet valve A and outlet valve B are of the piston type, 
being connected mechanically and driven externally (see Fig. 30). 

When B is open the water in the compressor runs to waste, and in so doing it 
induces a flow of air inwards through the air section valves. On B closing, A 
opens and high-pressure water displaces the air to the receiver, the cycle being 
repeated continually. 

On account of its slow speed of operation the machine is cumbersome, but its 
installation is justified where a constant supply of high-pressure water is available 
without excessive civil engineering costs. 

In common with other types of hydraulic compressors, or hydraulic rams, only 
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a small portion of the energy available in the water is actually imparted to the 
air, the major portion running to waste. 



(3) Spray injection. Some years ago the practice of injecting a spray of 
water into the compressor cylinder towards the end of the compression stroke 
(with the object of cooling the air) was in common use. Such a method necessitated 
special injection gear, and the water interfered with cylinder lubrication, attacked 
the cylinder and valves, and had to be separated before the air could be used. 

(4) Water jacketing. The fitting of water jackets to compressor cylinders keeps 
the cylinder temperature low enough to permit piston lubrication, but not any- 
thing like low enough to prevent the air temperature rising during compression. 



Fig. 31. Double-acting water -jacketed compressor. 
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(5) By a suitable choice of cylinder proportions. By providing a short 
stroke and a large bore, in conjunction with sleeve valves, a much greater surface 
is available for cooling, and the surface of the cylinder head is far more effective 
in this respect than the surface of the barrel, because the periodic motion of the 
piston does not allow the barrel to be exposed to the air for a sufficient time for 
heat to flow away. Moreover the air is compressed against the cylinder cover. 



Fig. 32 . Rleovo valve air compressor. 


4 


Unfortunately clearance increases as the square of the bore, but in the Broom- 
Wade compressor (Fig. 32) this increase is compensated for by the meohanioally 
operated valve. 
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(6) Stage compression. If the compression is performed in two or more 
cylinders (arranged in series) instead of in one cylinder, an opportunity is given 
for cooling the air in an external cooler on discharge from one cylinder and before 
entering the next. The surface area of the cooler is not restricted as is that of 
the compressor cylinder, so that cooling is more complete. The advantages of 
water-cooled cylinders are thereby combined with the possibility of restoring the 
air to its initial temperature after discharge from each cylinder, and, if an infinite 
number of stages were employed, isothermal compression would result. 


2 FEEDS FROM MECHANICAL 



lupT. 33. Double-acting two-stage compressor. 


Since the cooler is placed in between stages, it is known as an Intercooler. 
With the object of removing moisture, coolers are sometimes fitted after the 
last stage, and for this reason are called After coolers, but it should be observed 
that after coolers cannot influence the work done in compression. 

Incidental advantages of stage compression. 

Stage compression results in: 

(1) Better mechanical balance, and torque of multi-crank machines. 

(2) Increased volumetric efficiency in consequence of the lower pressure in 
the low-pressure cylinder (l.p. cylinder) clearance. 

(3) For a considerable pressure range there is a reduction of about 20 % in 
the power to drive. 
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(4) The possibility of running at higher speeds for the same isothermal effi- 
ciency, even though an increase of speed in itself causes increased heating. 

(6) The provision of better lubrication, due to the smaller working tem- 
peratures. 

(6) Smaller leakage loss, owing to better cylinder lubrication, and reduced 
pressure difference over the two sides of the piston, and the valves. 

(7) Lighter cylinders, see p. 258. 



Fig. 34. Throe-stage single-acting single-line air compressor. 

Single-acting compressors. 

The idle stroke in single-acting compressors, and the available cooling surface 
of trunk pistons, allows a twin cylinder single-acting machine to approach 
isothermal conditions more closely than a double-acting single-cylinder com- 
pressor. Fig. 36 illustrates a high speed single acting compressor. 
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Fig. 35. Vertical single-acting air compressor, water -jacketed single stage. 

Ex. Horse -power and cooling water. (B.Sc. Part I, 1937.) 

A single-acting air compressor has a cylinder 8 in. diameter and 12 in. stroke, and 
runs at* 150 r.p.xn. If the suction pressure and temperature are 14 lb. per sq. in. and 
15°C. respectively, and the delivery pressure is 140 lb. per sq. in., calculate the horse- 
power required to drive the compressor, assuming the law of compression to be 
“ constant, and neglecting clearance. If an after cooler cools the compressed air 
to 25 C., calculate the quantity of cooling water required in lb. per min , for a rise in 
temperature of 5° C. 

Take the specific heats for air at constant pressure and constant volume as 0*238 
and 0*17 respectively. 

Work done. 

12 

»— 1 0-2 ' 
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Swept volume per min. = ? x xlx 150 = 52-3 eu. ft. 

Ox 14x144 x 52-3 1~/140\* ,1 

" ■' 33,000 [_( 14 ) 1 J - 8-975. 

T 2 = 288 ( 1 l 4 4 ) ) i 


R 


« = 423 


T t = 298 
Temperature rise = 125° 

= (Cy-Cv) = 0-238 - 0-17 = 0-068. 


R = 95-3, 

14 x 144x52-3 
' 95-3 x 288 

Heat rejected = 0-238 x 3-845 x 125 = 114-3 c.u.u. 


w 


■ = 3-845 lb. 


114-3 


.*. Weight of cooling water = — - = 22-9 lb. per min. 

o 


Ideal intercooler pressure for two -stage polytropic compression. 

In an ideal compressor where clearance and valve resistance may be con- 
sidered to be absent, the induction pressure p x is atmospheric, whilst the dis- 
charge pressure is fixed by the purpose for which the air is to be used, and is 
maintained constant by relief valves and unloading devices. * The interstage 
pressure p % is, however, under the control of the designer, being determined by the 
relation between the cylinder volumes. 

Now from Fig. 36 it will be seen that the total work per cycle, done in a two- 
stage compressor, is the sum of the red and black dotted areas, and that, by a 
correct choice of p 2 , the black areas may be reduced to a minimum, thus: 

Workdon e= W = y £- 1 -p 1 u 1 [(g) ” - l] + * “*]• 

Taking the same value of n for both the h.p. andn.p. cylinders and assuming that 
intercooling is perfect, i.e. it restores the air to temperature T v then p x v x ~p 2 v 2 > 

ff -^-[(2r + (?r- 2 ] “> 

Differentiating with respect to p 2 , 


3 W _ n 
dp 2 ~~ n — 1 


P i v i 


71—1 



\ 

n 



* See p. 111. 


WHS 


7 
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n - 

Multiplying throughout by - — - p 2 n and equating to zero gives 


n— 1 


n-l 


(l\ n p?: l_ = o 


whence 

P\ =- PiPa, 

i.e. 

P 2 _ Vl 

Pi Pt 

or 

Pi = y/iPiPz)- 

liy (2) in (1), 

71-1 






•( 2 ) 


Wimps' 


7H ^ P: } ^ = = Vs ± i 
V* P 2 Ps 2>iv • 

The work done per stage being equal for this condition 


In general, with N stages, 


K '-^i-[( £ rr-]- 


.(3) 


Equation (3) is very important, since it applies to any type of compressor or 
motor, and even to vapour engines, provided n = or < y. 

In the event of intercooling being imx>erfect we must treat each stage as a 
separate compressor, in which case A 7 in (3) will be unity. With this special value 
of N the power per stage can be calculated, and finally the total power is the sum 
of the powers per stage: 

-1 n%— 1 


w = 


n 




■1+— s- 

J W a - 1 


-1-2^2 


2^3 | *• 
2> 


-3 




Heat rejection per stage per lb. of air. 

If the air is cooled to its initial temperature the whole of the work done in 
compression must be rejected to the cooling medium. 

Hence for a single stage the heat rejected is given by 

^^-Kir-3 


(4) 
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T 

and since for 1 lb. of air PiV el = BT X and -- = 

A 


ft— i 
w 


, then (4) may be written as 

W - l ~\ P er lb - of ak 


or 


but 


W 


n It 


^ j (T% — 7\) beat units ; 
*=(C P -C V ). 


W = 

Heat rejected with perfect intercooling 

= [ C P + C v(j~i )]( J 8- per lb. of air. 


.(5) 


.( 6 ) 


The first term in (6) represents the heat rejected at constant pressure in the 
intercooler, whilst the second term represents the heat rejected during com- 
pression alone; and writing C v = j ^ may be reduced to the form 

y — tv 

- — - x Work done in heat units, 

7-1 

as deduced on p. 60. 

To find the change in $ during the first stage of compression we have, from the 
definition of entropy, d(j) = dW/T. 

Differentiating (5) and dividing by T, 


• ■ dW niy-nYXdT 

d <t> rp ~ [ 6 7* + _ i j J T • 

Integrating gives the change in <f> as 

^-^)=[^ + ^(B)]iog| 


n 


T, 


= (0 P -C v )l° Se -^. 

For the complete isothermal two-stage compression the change in <p 

=7 io g {Cp - Cvnoe & 

But if the work done in stage compression is to be a m inim um, 


• (7) 


( 8 ) 
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By (9) in (7), (&-&) = ~ (C p -C v ) log c (g) 


n-1 
2 n 


(V) 


logp 


^3 

/ J i 


.( 10 ) 


Comparing (8) and (10) it will be seen that one is half the value of the other; 
hence the work done per stage is a minimum when the increase in entropy per 
stage is 

Isothermal increase in <l> for whole compression 
Number of stages 

and the maximum temperature per stage is constant and equal to T 2 . 

Ex. Single-acting two-stage compressor. 

Tn a two-stage air compressor the l.f. cylinder draws in 5 cu. ft. of air at a temperature 
of 15° C. and a pressure of 15 lb. per sq. in. absolute. It is compressed adiabatically to 
30 lb. per sq. in. and then delivered to a receiver, where the air is cooled under constant 
pressure to 15°C. This air is then drawn into the h.p. cylinder and compressed adia- 
hatically to 00 lb. per sq. in. and delivered to the reservoir. Find the h.p. required when 
running single acting at 100 r.p.m. 

Since intercooling is perfect and the inter-stage pressure 30 lb. per sq. in. = ^(15 x 60), 
we can apply equat ion 

Nn r /Piv+i\^ n 


w = 


n— 1 


Pi v i^ 


Pi 


2 x 1*4 

W =- . x 15x144x5 

0*4 


[(T"-] 


50 3. 


= 10,570 ft. -lb. 

10,570x100 

ii p = 

" 33,000 

Ex. Weight of water required for intercooling. 

A two-stage air compressor compresses air to 600 lb. per sq. in. from 15 lb. per sq. in. 
and 20° C. If the law of compression is pv 1 ' 35 = constant and the intercooling is complete 
to 20“ C., find per lb. of air 

(а) the work done in compressing, 

(б) the weight of water necessary for abstracting the heat in the intercooler if the 
temperature rise of the cooling wator is 25° C. 

A = 96, C J> = 0-2373. 

The work done with perfect intereooling is given by 

(«-i) Pii iW 

*’* w = ^0-35 5 x 06 X 293 { m * 135 - 1 j = 133,200 ft.-lb. 

P 2 = VloxOOO" 


4 


and per lb. of air p x v x = JtT v 
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Temperature at end of compression 

= T t =T^ n = 293 ^j 2x 135 = 293 x 1-614 = 473" absolute. 

Loss of heat in intercooler per lb. of air cooled 

- 0-2373(473 — 293) = 42-8 o.n.u. 

Weight of cooling water w x 25 = 42-8. w = 1*71 lb. per lb. of air. 


Ex. Horse-power for a compound air compressor with imperfect intercooling. 

(Senior Whitworth 1925.) 

Estimate theH.r. of a compound air compressor necessary to compress 10,000 cu. ft. 
per hr. of dry air at 15 lb. per sq. in. absolute and |0° C. to a final pressure of 500 lb. 
per sq. in. absolute. The intermediate receiver eoqls the air to 30° C. and 80 lb. per 
sq. in. Assume a mechanical efficiency of 85 %. 


Since intercooling is imperfect, the equation 

cannot be applied directly, but, by taking N — 1, it must be applied twice, thus: 

i r • • 1 ( >,000 

Volume oi air per min. = - = 1 0(5*7 cu. It. 

4 00 

o 1 

Work done in n.r. cylinder = ^ ^ x 15 x 144 x 166-7 jjj 1 ** ~ * J * 


Let p 2 v 2 T 2 be the condition on leaving the intercooler, and p 1 v 1 T 1 be the condition 
of the free air ; then 


P2 V 2_Pl V l 
To 


To 


303 


V2V2 = P1V1 y- = Pi »i x 2 g 7 j. 

0 4 

Work done in the h.p. cylinder = x 1 5 x 144 x 166*7 x ^ j — 1 J . 


Total work done 
1*4 


x 15x 144x 166-7 


[p n -}+5S{(isr“->}] 


0-4 

= ] ,705,000 ft.-Ib. 

Allowing for the mechanical efficiency, the H.v. absorbed 

1,705,000 


33,000 x 0-85 


= 61 . 


Clearance in compressors. 

To allow for wear, and to give mechanical freedom, a space must be left between 
the cylinder end and the piston; in addition, provision must be made for the 
reception of valves. The sum of these two spaces is known as the clearance volume. 
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In high-class H.r. compressors it may be as little as 3 % of the swept volume, lead 
fuse wire being used to determine the actual width of the gap between the cylinder 
end and the piston, whilst in cheap l.p. compressors the clearance may be 60 % 
of the swept volume, in which case the thickness of a flattened ball of putty is a 
measure of the gap. 

Effects of clearance. 

The direct effect of clearance is to make the volume taken in per stroke less 
than the swept volume, and because of the necessary increase in the size of the 
compressor (to maintain the output) the power to drive the compressor is slightly 
increased. The maximum compression pressure is also controlled by the clear- 
ance volume. 

Value of clearance. 

(1) Since less precision is required in machining and erection, a large clearance 
cheapens a compressor and tends to increase its reliability. 

(2) A variable clearance is a convenient and safe way of controlling the output 
of a constant speed compressor. 

(3) Increasing the clearance in one stage throws more work on the stage below. 
In this way the temperature rise in the higher stages, consequent on controlling 
the output by throttling the L.P. suction, may be limited (see p. 109). 

Volumetric efficiency of compressors. 

The volumetric efficiency of a compressor is the ratio 

Free air delivered per stroke or per minute 
Swept volume of l.p. cylinder per stroke or per minute ’ 

Free air delivered (f.a.d.). 

The free air delivered is the actual volume delivered at the stated pressure 
reduced to intake temperature and pressure, and expressed in cubic feet per 
minute. 

Displacement. 

Displacement is the actual volume in cubic feet swept out per minute by the 
l.p. piston or pistons during the suction strokes. 

The free air delivered per minute is less than the displacement of the com- 
pressor because: 

(а) The fluid resistance through the air intake and valves prevents the cylinder 
being fully oharged with air at atmospheric conditions. 

(б) On entering the hot cylinder the air expands ; so that the mass of air present 
(oompared with that at atmospheric pressure) is reduced in the ratio 

Absolute atmospher ic temperature 

Absolute temperature of the air in the cylinder’ 
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(c) The high-pressure air, trapped in the clearance space, must expand to a 
pressure below atmospheric before the automatic suction valves can open; a 
portion of the suction stroke is therefore wasted in effecting this expansion. 

(d) Leakage causes a certain loss. 

An estimate of the reduction in the capacity of a compressor due to clearance 
may be obtained as follows: 

From Fig. 37 , the v olume v c of clearan ce air at pressure p 2 expands to v e according 
to the relation 

Pl v c=Pi^. =vi--\ n 



Hence (with a swept volume v g ) the effective suction volume 

= v 6 -(v e -v c ) 



1 

Volumetric efficiency = 1— ^ 1 J ' • (!) 

vjv s is known as the Clearance ratio, and upon this, and upon the pressure ratio, 
the volumetric efficiency of a compressor depends. The greater the pressure ratio 
the less must be the clearance volume, and in some modern compressors — where 
the terminal pressure is so high as to confer on the air the density of mercury — 
clearance becomes an important factor. 
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The power to drive a compressor having clearance. 

Apart from friction and radiation losses the power to drive a compressor is not 
seriously affected by clearance, since the expanding air develops positive work 
equal to that done; on it during compression, thus: 

The work done during compression, neglecting clearance, 

-*]• 

The work done during expansion, taking the same value of n as for compression, 

n — x 

Nett work done = (« — t)^'[^(p^) _ 

But v 1 — v c = Effective swept volume. 

The nett work done during a compression cycle 

n- 1 

= ^1 x Effective swept volume x j — 1 

In a multi-stage machine this expression must be applied to each stage in order 
to obtain the total work done in compression. 



Ex. Volumetric efficiency of a compressor. 

The piston of an air compressor has a displacement of 350 cu. ft. per min. If the air 
at the intake is at 60° F. and 1 4-0 lb. per sq . in. absolute and the compressor in 70 sec. 
raises tho pressure in a 52 cu. ft. receiver to 100 lb. per sq. in. gauge and the temperature 
is 105° F., what is the volumetric efficiency of the compressor ? 

Assumo initial temperature and pressure in the receiver to be 60° F. and 14-7 lb. per 
sq. in. absolute, and R = 53-35. 

pv = wRT, 


w (finally) 


1 14-7 x 144x52 
53-35 x 5(55 ~ 


= 28-5 lb. 


w (initially) = 


14-7x144x52 
53 35 x 520 


3-97 


Weight of air compressed in 70 sec. = 24-53 lb. 


Speoific volume at intake 


14j7x 12:39 x 520 
~ 14-0x492 


13-73 cu. ft. per lb. 
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Equivalent free volume at 14-0 lb. per sq. in. and 60° F. 

= 24-53 x 13-73 *= 337-3 cu. ft. 

70 

Swept volume in 70 sec. = ^ x 350 = 408-5 cu. ft. 

337-3 

.\ Volumetric efficiency = — - - = 82*6 %. 


Ex. Variable clearance. Horse-power to drive. (Junior Whitworth 1937.) 

A certain air compressor has a stroke of 30 in. and a clearance equal to 3 % of the 
piston swept volume. It delivers air at a pressure of 100 lb. per sq. in. gauge. After 
overhaul, a distance piece 0-4 in. thick, which was originally inserted between the 
cylinder head and the cylinder, is accidentally omitted. Estimate the % change in 

(a) volume of free air delivered, 

(b) the H.r. necessary to drive the compressor. n = 1*3. 

If the clearance is 3 % with the distance piece in position and d is the diameter of the 
cj Under, then nd 2 /^ x Clearance length _ A n , y 

7rd 2 /4 x 30 * ~ 

whence the length of clearance = 0*9. 

(0-9—0-41 

With the liner removed the % clearance = — ^ — * x 100 = 1-666 %. 

In the absence of leakage the f.a.d. per stroke 


= v M 



(see equation, p. 103). 


The % change in f.a.d. = 


|Final f.a.d. — Original f.a.d. j ^ 


Original f.a.d. 


[ 


Final f.a.ik __ 1 “| 100 
Original f.a.d. J 




1—0-03 [(^*-.] 


5*7 %. 
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The power to drive x 

= Nn i X Pi (effective swept volume per min.) * ~ 1 J • 

The % change in the power to drive 

= r i, ' inai p° wer _ ii x 100 = r F “ a V FA: - - il loo, 

L Original J [^Initial f.a.d. J 

whence the % change in the power to drive is also 5*7 %. 


Ex. Performance of a compressor. (B.Sc. 1932.) 

Give a brief account of the various factors which determine the performance of air 
compressors. 



Fig. 38 shows an indicator diagram taken from a single-stage air compressor, which 
takes air from the atmosphere at 15 lb. per sq. in. and delivers it to the mains, where 
the pressure is 1051b. per sq. in. Find the indicated efficiency of the compressor, and 
discuss the differences between the given diagram and that theoretically possible, 
assuming isothermal compression. 

By the performance of a compressor is generally implied the weight of air delivered 
per min. per b.h.p. impressed on the machine. 

For a machine of given capacity and terminal pressure the performance is influenced 

by 

(1) The pressure range per cylinder; since the higher the pressure, the greater the 
weight of air in the clearance space, and therefore the smaller the volumetric efficiency, 
and the greater the leakage past the piston. 

(2) The number of stages employed. 

(3) The clearance volume. 

(4) The type and disposition of the valves. 

(5) The speed of the machine. 

(6) The efficiency of cooling. 

(7) The air intake piping. 
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Length of diagram = 2*68 in., 

Area of diagram = 1*75 per sq. in. 

1 -76 

/. Average height of diagram = ^ = 0*653 in. 

2*oo 


Height for a pressure change of (105 — 15) = 2*11 in. 

,\ m.e.p. = x 90 = 27*83 lb. per sq. in. 

Work done per stroke by an ideal compressor without clearance = p 1 v x log c r, whore 
v, is the effective stroke volume. 

_ r 0 ‘2*08, 105 
lo x ^*6o X 2 .()g 15 

Isothermal efficiency == 2-65>c ^7*83 — ~8r2%. 

Difference between diagrams . j 

(1) Throttling of the air at intake causes the Ruction pressure to fall below 15 lb. 
per sq. in. 

(2) Throttling of the air at outlet causes the discharge pressure to rise above 105 lb. 
per sq. in. 

(3) Clearance causes expansion on the out stroke, and thereby reduces the capacity 
of the machine. 

(4) Cooling during compression is imperfect, because n = 1*2, thus 

Length of clearance volume on diagram = 0*15 in. 

Length of swept volume on diagram = 2*68 

Total volume at 15 lb. per sq. in. is represented by 2*83 in. 

2 *(83 

Total volume = x = ^ cu * 

2*68 

Total volume at 105 lb. per sq. in. 


= x 2 05 = 0-554 cu. ft. 
2*o8 


/ 2-8 \" 

105 x 0-554" = 15 x 2-8", = 

l0ff - = l-2. 


105 

15 


= 7. 


n log 5-06 


Effect of atmospheric conditions on the output of a compressor. 

A low barometer and a high temperature (as encountered at considerable 
elevations during day time in tropical countries) is responsible for an appreciable 
diminution in the mass output of compressors which have to operate under these 
conditions. 

The volumetric efficiency (when referred to a standard atmosphere) falls by 
about 3 % per 1000 ft. increase in elevation, and 1 % per 5° O. increase in 
temperature. As a result of the considerable reduction in temperature after 
sundown, and the accompanying humidity, power plant in tropical climates runs 
considerably better at night. 
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Ex. A portable compressor was removed from a place where the barometric pressure 
was 30 in., and the average intake temperature 100° F., to a mountainous region where 
the barometric pressure was 25 in. and temperature 45° F. By what percentage is the 

mass output of the machine changed ? . 

If the lavr of compression is pv i z — c , and the gauge pressure is 85 lb. per sq. in., 

determine the compression ratio for the two cases. 

Since the mass output is required, use should be made of the equation pv = wRT , 
when* p is the intake pressure, T the intake temperature, and v the effective swept 


volume. 



(1) 


Percentage change in output = 100 1~- 2 ^ — -J — — lj 100, 


But 


Initial total voh 


Compression ratio = . . 

1 b inal total volu 

i 

M M V 2 [pj * 

Compression ratio initially = * = 4 36 

„ • r n (85 + l'2-2H\i» 

Compression ratio finally = I ') 


492. 


To show that throttling the low-pressure suction increases the tem- 
perature range in successive stages. 

If air is prevented from entering a compressor, then obviously it cannot be 
delivered; and since obstruction of the 


L.r. suction is so easily effected, it would 
appear to be the simplest method of con- 
trolling the output of a constant speed 
compressor. 

Unfortunately this method is not un- 
attended with danger, owing to the 
abnormal temperature rise in the higher 
stages of compression; so high, in fact, 
that in three-stage compressors, gunmetal 
valves sometimes melt. 

The reason for this increase in tempe- 
rature is as follows : Throttling the suction 
reduces the suction pressure from p 1 to p[, 
the effect being to shift the compression 



Fig. 39. The effect of throttling the 
L.p. suction. 
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curve bodily to the left of the diagram (see Fig. 39). Now the effective swept 
volume of the h.p. cylinder, neglecting clearance, is not affected by throttling 
the L.P. suction, neither is the delivery pressure. If, therefore, the h.p. cylinder 
is to be completely filled with air the receiver pressure must drop from p 2 to 
Pz> an d in this way increase the pressure range in the h.p. cylinder, so that the 
temperature range will be increased according to tlie relation 


n “ 1 



A safer, though rather more extravagant, control of output on constant speed 
compressors may be effected by blowing l.p. air to waste; or alternatively by 
varying the clearance volume. 

To show that increasing the clearance in one stage causes more work 
to be done in the lower stage. 

In hig. 40 the shaded areas represent the normal working of a two-stage 
compressor, the dotted line indicating the expansion in the n.i\ cylinder con- 
sequent on increasing the H.r. clearance volume. The expansion reduces the 


if* 

•t 

,i 

$ 

•a 

j£t 


H.P. 


1 

Effective Swept Vol. of H.R 
>-f~» — with Increased Clearance 

v ' Cooled 



Volume 
Fig. 40. 


effective swept volume of the h.p. cylinder, and therefore the receiver pressure 
must build up until the cooled discharge of the l.p. is equal to the effective swept 
volume of the H.P. cylinder. In this way the work done in the l.p. cylinder is 
increased and that in the h.p. reduced. 

Because of the reduced pressure range in the h.p. cylinder that attends an 
increase in clearance, a combination of l.p. throttle control and h.p. clearance 
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adjustment forms a perfect method of controlling the output of a constant speed 
compressor, the increased pressure range in the h.p. cylinder consequent on 
throttling the l.p. being negatived by increasing the h.p. clearance. 


Compressor valves. 

The considerations which determine the choice of compressor valves are: 

(1) The capacity of the machine. 

(2) The discharge pressure. 

(3) The rotational speed of the compressor. 



Fig. 41 . Plato or disc valve. 


Experience lias evolved the following main types: For slow-speed large- 
capacity machines, operating at moderate pressures, the disc or feather valve 
. (Eig. 41). For high-pressure machines the poppet valve (Fig. 42). For high speeds 
some form of mechanical valve of the Corliss, sleeve, 
rotary or semi-rotary types. 

Disc and poppet valves are usually actuated by a 
pressure difference over their faces. The return of the 
suction valve is assisted by a light, spring, whilst a 
heavier spring is used on the discharge valve to effect 
more rapid closing, and thereby prevent dense high- 
pressure air from leaking back into the cylinder "on 
the suction stroke. 

With automatic valves it is important that they 
should be light, and exceptionally strong, to prevent 
distortion and consequent leakage under appreciable 
temperatures, and also to avoid cracking the valve bv u- ^ 

hitting the guard which is provided to limit its lift. Flg ‘ 42 ' A ^“ atic P°PP 0t 

Control of compressors. 

J “ n 'T M 7 *° “ ,tal an com P r «s«or sufficiently tog. to meet 
the maximum denmnda, whereas actually the machine may work for loig period. 
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at a fraction of its rated output. Provision must therefore be made for balancing 
the supply and demand. 

There are two main classes of control: 

(1) Variable speed. 

(2) Constant speed in which unloading devices are employed. 

Method (1) is best applied to machines that are driven directly by steam or 
internal combustion engines or w ater motors. With electric drives the good power 
factor of synchronous motors commends them fpr compressor drives, even at the 
extra expense to start them as induction motors. The characteristic of syn- 
chronous motors is, of course, constant speed, so that the output of the compressor 
must be varied: 

(a) By throttling the low-pressure suction. 

(b) Increasing the clearance Volume. 

(c) Blowing low-pressure air to waste. 

Regulation of direct steam-driven compressors. 

The regulation must provide : 

(a) Against any change in speed due to fluctuating steam pressure. 

(b) For varying the speed of the engine to maintain constant air pressure. 

(c) Against racing of the engine in the event of a burst pipe or broken crank- 
shaft. 

To satisfy the above conditions a Centrifugal governor is usually employed 
in conjunction with an air-pressure regulator. These components jointly 
operate the throttle valve or vary the cut off. 

In the type illustrated in Fig. 43, turning the handwheel allows the spring A 
to open the valve B . 

When the air pressure increases above a predetermined amount, the diaphragm 
is depressed against the combined resistance of spring C and the pressure on 
valve D due to leakage steam, with the result that D is opened and the pressure 
on the top of piston E is released; consequently valve B closes against the 
resistance of spring A . 

A fall in air pressure reverses the action, valve B being opened by the joint 
action of A and the pressure difference across the valve B . 


Unloading devices. 

Although the output of steam and internal combustion engine driven com- 
pressors may be partly controlled by the throttle, the efficiency falls off with a 
reduction in speed, and a point is reached at which the engine will cease to run 
evenly with the compressor delivering against full pressure. The modern tendency 
is therefore to employ some unloading device as on motor-dnven compressors. 
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Throttle control. 

Fig. 44 shows a piston -operated low-pressure throttle in which high-pressure 
air from the air receiver depresses a piston against a spring, thereby causing 
valve A to partly obstruct the low-pressure suction opening. When the receiver 
pressure falls the reverse action takes place. 



Clearance control. 

In the variable clearance method of controlling the output the volumetric 
efficiency of the compressor is reduced in proper proportion, and simultaneously, 
in both h.p. and l.p. cylinders, although the regulation takes place in steps rather 
than gradually. 
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To L.P. Suction 
Fig. 44. Throttle control. 



Fig. 45. Part section of compressor cylinder showing valve. Equipment for 
regulation by clearance control. 
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When the receiver pressure exceeds a predetermined amount a dead weight is 
raised by a diaphragm, so that a piston valve opens a port, and so releases the air 
pressure in chamber A (Fig. 45). A spring 1 lifts valve 2 and thereby puts the 
additional clearance space into communication with the cylinder. 

Should the pressure continue rising, the continued upward motion of the 
diaphragm opens a second valve (ii) and so on until the air demand and supply 
balance. 


Control for blowing air direct to the atmosphere. 

The device shown in Fig. 40 constitutes a by-pass valve, so that the H.P. 


cylinder delivers air direct to the at- 
mosphere when the receiver pressure 
exceeds a desired amount. 

In operation high-pressure air forces 
the relay piston upwards against the 
resistance of a dead weight until a 
passage communicating with piston B 
is uncovered. This allows liigh-pressure 
air to movo piston B downwards so 
as to open the atmospheric release, 
the back pressure valve preventing 
escape of high-pressure air from the 
receiver. 

On a fall of pressure the relay piston 
descends and cuts off the supply to B, 
which rises, and thereby closes the 
atmospheric release. 

Rotary compressors. 

The rotary principle has always ex- 
ercised a fascination for inventors, and 
although many rotary types of com- 
pressors are in existence, the principal 

are the Crescent type, Root’s blower 
and the Turbo compressor. 



Fig. 46. Control for blowing direct 
to atmosphere. 


The crescent or vane types. 

These machines (Fig. 47) comprise a truly cylindrical casing into which is 
fitted eocentricaJly , a rotor carrying blades that can slide radiaUv in accurately 
fitting slots. “ 

Centrifugal force throws the blades out to make contact with the casing for 
all angular positions of the rotor. To remove the pressure of the blades from the 
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casing, restraining rings, having a bore slightly less than that of the casing, are 
often fitted. 

For its operation the compressor depends upon the eccentricity of the rotor 
to the casing, and on the disposition of the suction and discharge ports. The 
suction port is arranged so as to subtend a maximum arc between the blades in 
contact with the casing, and thereby to charge the cells between adjacent blades 
with a maximum quantity of air, whilst the discharge port is of such a width, and 
in such a position, that the volume between the cells is very small. The actual 
volume depends upon the degree of compression required. 



Usually a non-return valve is fitted on the delivery side of the compressor 
to prevent the compressor from motoring when the motive power is cut off. 

The main advantages of these compressors are compactness, high speed, 
uniform delivery, and high volumetric efficiency, but this requires an accurate 
fit of the blades on the ends of the casing as well as on a diameter, and this fit is 
difficult to maintain. The machine is therefore most efficient for large outputs at 
low pressures, and for this reason it is often used for water- vapour refrigerators, 
lighting gas compressors, and superchargers. 


Turbo compressors.* 

These machines very closely resemble multistage centrifugal pumps, in that 
they consist of impellers 2?, Fig. 48 and diffusers rather than discs and dia- 
phragms, as in the case of turbines. 

The important difference between a water pump and a compressor is due to 
the difference in density between water and air. The greater the density of the 
fluid the greater the pressure developed by converting kinetic energy into pressure 

p V 2 


energy, since the relation between the two is given by ~ 


*9 


.f If p is small, as 


* “Recent developments in Turbo Blowers and Compressors”, Proc . Inst* Mech. Eng, 
Vol. oxxxn, 1936. f See Bernoulli’s theorem, p. 319. 
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in the case of air, V must be high to produce a large value of p, or a larger number 
of stages must be employed than is necessary with water pumps. 

At the present time blade-tip speeds of about 1000 f.p.s. impart such a large 
velocity to the air that it is difficult to transform this energy efficiently into 
pressure energy. To effect this conversion an annular chamber carrying blades, 
which guide the air in all directions, and provide a smooth and short divergent 
passage, is fitted around the corresponding impeller. This chamber is known as 
the Diffuser, and is generally water cooled. In addition, two or three intercoolers 



Fig. 48. Four -stage turbo air compressor. 


are sometimes provided, since although high velocity promotes a flow of heat, 
yet the friction involved develops heat which is difficult to remove from the 
stages where the density of the air is small. For this reason the compression index, 
for the early stages, may exceed the adiabatic index, but in the last stages it will 
approach more nearly unity, the isothermal index. 

For air pressures between 50 and 100 lb. per sq. in. the maximum output for 
reciprocating compressors is about 20,000 cu. ft. of free air per minute, .whereas 
the output of turbo compressors appears unlimited, several sets being in operation 
with deliveries of 60,000 cu. ft. per min. and absorbing 12,000 h.p. 

The minimum capacity at which turbo compressors can compete with recipro- 
eators is about 2500 cu. ft. per min. 


The adiabatic temperature efficiency of a rotary compressor. 

In the absence of caloric heat being conducted through the casing, and if the 
kinetic and potential energy leaving the compressor is approximately equal to 
that entering, the work done per lb. of gas is given by Bernoulli’s equation, p. 320, as 

W = C p (T t -T x ). (1) 

* See also p. 759. 
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When compressing a gas in an uncooled compressor the least amount of work is 
done when compression follows a reversible adiabatic. In these circumstances the 
work done per lb. of gas is given by 

Cp(T a 2 -7\), 

where T a2 is the temperature at the end of adiabatic compression and is given by 

T a a _ / Pi\ y 

t; w * 

T —T 

The adiabatic efficiency = ~- 2 — J . 

2 ~ 1 


It should be observed that compression in an actual compressor may be 
adiabatic, but friction and eddies prevent it being reversible and therefore 
isentropic. j 

Ex. Turbo compressor. 

A turbo air compressor draw s in 12,000 cu, ft. of free air per min. at a pressure of 
14 lb. per sq. in. absolute and a temperature of 00° F. The air is delivered from the com- 
pressor at 70 lb. per sq. in. absolute and temperature I64°F. The area of the suction 
pipe is 2*1 sq. ft. and of the discharge pipe 0-4 sq. ft., and the discharge pipe is 20 ft. 
above the suction inlet. The weight of jacket water which enters at 60° F. and leaves at 
110° F. is 677 lb. per min. Find the h.p. required to drive the compressor, assuming no 
loss due to radiation. 

Let 1 refer to the inlet section, 2 to the outlet section. 

From Bernoulli’s equation the total energy per lb. is 

P J+ll+z 1 +JC 0 T 1 + W+H = ?f+2+z 2 +JC v T 2 , 

Pi p 2 L y 

= + Y1~B + Z2 _ 2l + JC V ( T,-T x )-H. 

P'2 P\ ™ 

Per lb. of airjpv = ET, 


14-7x12-39x520 10 _ Q , p 2 pJT 2 \ 

* " 14.0 x 492— = 1373 ° U - lfc ' POT lb ' ; alS % 2 = Pi Wy 


P? 

Pz 


-ft-ft(S- I )“ 14xl44,<13 - 73 Q- 1 ) 

= 5540 ft.-lb. per lb. 

T7 12,000 n „ 0 . . 

V ‘ “ 60 X2 7 ! “ 95 25 f ' P 

Volume at outlet = cu - P® r Beo * 
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F 2 =*|= 1 2°f.p.s. > 
z 4 — z x = 20 ft.-lb. per lb. 

•70.(2*- 7i) = 128-9(624-520) = 13,400. 

V! -VI _ (F.-1 7) (Vj+Vj) _ 24-75 x 215-25 
2 g 2 g 64-4 

Pressure energy = 5,540 
Kinetic energy = 83 

Potential energy = 20 

Internal energy = 13,400 

19,043 

„ . , , . . 12,000 

Weiglit of air per mm. = = 874 lb. 

Heat rejected to cooling water = (110 — 60) x 677 = 33,850 B.T.tr. 

778 x 33,850 = 26,360,000 ft.-lb. 

874 x 19,043 = 16,630,000 ft.-lb. 

Total work done per min. = 42,990,000 ft.-lb. 

Whence h.p. = 1305. 

Alternative solution. The discharge volume per min. = 48 x 60 cu. ft. The suction 
volume per min. = 12,000, and since compression follows the law pv n , 


Pi v i = ihn- 


. /70\ _/12.4000\» ... 

" (m) \48 x 60/ ’ n 14 ' 

And since this is less than y the work done per minute may be computed from 

= ot! x 14x144x1 2,000 u -i], 


whence the h.p* = 1307. 


EXAMPLES IN AIR COMPRESSORS 

1 • What will be the difference in the amount of work required to compress and discharge 
5 cu. ft. of air at 60° P. and 14*7 lb. per sq, in. to 90 lb. per sq. in. absolute, when the 
compression is isothermal and when it is adiabatic. In actual compressors what is the 
average compression index, and by how much is the internal energy increased in the 
previous compressions? Ans. 6140 ft.-lb.; 1-25 to 1*32; 22 b.t.tl 
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2. What is the percentage theoretical saving in work by compressing in two stages to 
90 lb. per sq. in. gauge instead of in one stage? 

Assume compression index 1*3 and that the intercooling restores the air to its initial 
temperature. Ans. 11-6 % ; n will be less in compound. 

3. Air is drawn into an air compressor at a temperature of 61° F. and 14*7 lb. per sq. in. 
absolute. The flash point of the oil used for lubrication of the piston is 350° F. What is 
the maximum pressure to which the air can be compressed if the highest temperature 
must be 50° F. below the flash point of the oil 

(a) if the compression is adiabatic? 

(b) if the compression follows the law pv ls = c? 

Ans . M lb. per sq. in. ; 75 lb. per sq. in. 

4. Isothermal efficiency. (B.Sc. 1920.) 

In a single-stage air compressor the compression follows the law pv n = constant, and 
the ratio of delivery pressure to initial pressure is r; prove that when clearance is neg- 
lected the isothermal efficiency is given by the expression 

(w-l) log„r ' 

»-i 

n(r n — 1) 

A single-stage air compressor takes in air at 15 lb. per sq. in. and delivers it at 60 lb. 
per sq. in. Find the isothermal efficiency when the compression (a) is adiabatic, 
(b) follows the law pv 1,8 = constant. In an actual compressor, the compression curve 
can only be approximately represented by an equation of the form pv n = constant. 
Explain clearly the reasons for this. 

5. Compound air compressor. (Senior Whitworth 1922.) 

Show that the work done in a compound air compressor with perfect intercooling is 

where p x = initial pressure of air, 
p % — pressure at intercooler, 
p z = discharge pressure, 
n = index of compression curve. 

Determine suitable diameters and stroke for a compound double-acting air com- 
pressor for the following conditions: 

Pi = 14 lb. per sq. in., p, = 120 lb. per sq. in., Temperature at inlet = 20°, I.H.P. = 100, 
r.p.m. = 100, Average piston speed = 450 f.p.m. Take n = 1*35 and neglect clearance. 

* Ans . h.p. diameter, 9^ in.; l.p. diameter, 16 J in.; stroke 2 ft. 3 in. 

6. Two-stage compressor. (B.Sc.) 

Show that in a two-stage air compressor the work done is a minimum when inter- 
cooling is perfect and the interstage pressure is the geometric mean of the initial and 
final pressures. Find the foot-pounds of work necessary to compress a pound of air from 
16° C. and 14*5 to 600 lb. per sq. in., if the law of compression is pv 12B = c and inter- 
cooling is perfect. Am. 124,400 ft.-lb. 
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7 Horse-power of a compound air compressor with imperfect intercooling. 

(B.Sc.) 

The l.p. cylinder of a compound air compressor draws in 4 cu. ft. of air at a tem- 
perature of 15° C. and pressure 15 lb. per sq. in. It compresses the air adiabatically to 
30 lb. per sq. in. and then delivers it into the receiver, where the air is cooled to 25° C. 
This air is drawn into the h.p. cylinder and compressed adiabatically to 80 lb. per sq. in. 
and delivered into the reservoir. Find the i.H.r. when the compressor works at 100 r.p.m. 
double acting. What pressure in the receiver would give tho best efficiency assuming 
the other data as above? 

Ans. 101-4 H.r.; 36*6 lb. per sq. in., the temperature in tho intercooler being 25° C. 

8. Ratio of cylinder diameters, work done. (B.Sc. 1924.) 

A two-stage air compressor is to deliver air at 800 lb. per sq. in. The cylinders have 
the same stroke and air is cooled to atmospheric temperature 15° C. in the intercooler. 
Determine the ratio of cylinder diameters so that the power required to drive the com- 
pressor shall be a minimum. Find the work required to compress and deliver a pound of 
air. 

Take atmospheric pressure at 151b. per sq. in., and assume adiabatic compression. 

A ns. 2-7 to 1; 147,000ft.-lb. per lb. 

9. Cylinder ratios for different indices of compression. (Senior Whitworth 1923.) 

The pressure rat ios in both cylinders of a two-stage air compressor are to be the same, 
and the air in the intercooler is to be cooled to 25° 0. Kind the work done in compressing 
J lb. of air and also the ratio of cylinder diameters. 

Assume the length of stroke of the h.p. and L.r. cylinders to be equal, and that the 
indices for the compression curves are 1*35 in the L.r. and 1*25 in the h.p. cylinders. 
Pressure limits are 120 and 15 lb. per sq. in. Ans. 65,460 ft. -lb. per lb. ; 1*61 to 1. 

10. Cylinder diameters of a single-acting two -stage compressor allowing for 
volumetric efficiency. 

In a two-stage air compressor with complete intercooling, show that the work done 
in compression is a minimum when the pressure in the intercooler is the geometric mean 
of the initial and final pressures. 

Assuming a volumetric efficiency of 85 %, what must be tho diameter of the cylinders 
of such a single-acting compressor running at 400 r.p.m. which compresses 150 cu. ft. 
of free air per min. and delivers it at a gauge pressure of 800 lb. per sq. in. ? Stroke for 
both cylinders is equal to the l.p. piston diameter. Atmospheric pressure = 15 lb. per 
8 9- * n - Ans. 9*9 in. ; 3*65 in. 

11. Effect of clearance and valve resistance on bore and stroke. (B.Sc. 1935.) 

Estimate the necessary bore and stroke of a single-acting single cylinder air com- 
pressor to compress 300 cu. ft. of free air per min. from 15 to 120 lb. per sq. in. The speed 
is to be 360 r.p.m., with a mean piston speed of 960 f.p.m. 

Assume the index of compression and expansion to be 1-3, and that the area of the 
indicator diagram thus obtained will be increased by 10 % by the valve resistance. Take 
clearance volume as iV of the swept volume. Find the i.h.p. of the compressor. 

Ans. 12-5 in. bore; 16 in. stroke; 57*2 h.f. 
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12. Effect of clearance. (B.Sc. 1926.) 

Discuss in some detail the effects of clearance upon the performance of air compressors. 
Obtain an expression for the volumetric efficiency of a single-stage air compressor 
in which the compression ratio is r and the clearance ratio is c. The re-expansion curve 
may be assumed to follow the law pv n = constant. 

13. Ideal interstage pressure. Heat rejection. (B.Sc. 1929.) 

Prove that in two-stage air compression working under ideal conditions, with no 
cylinder clearance volume and with intercooling to the initial temperature, the efficiency 
is greatest when the intermediate pressure is the geometric mean of the highest and 
lowest pressures. * 

If such a compressor worked between 15 and 135 lb. per sq. in., the index of com- 
pression being 1*3 and the initial temperature of the air 27° C., find how much heat would 
be given up to the cooling water during the compression of 1 lb. of air (u) in each stage, 
(b) in the intercooler. (C p = 0-238; C v = 0*17.) Am. (a) 4-9 c.H.u.; ( b ) 20*46 c.h.tj. 

14. Work done in two-stage compressor. (B.Sc. 1936.) 

The cylinders of a two-stage air compressor have the same stroke and the ratio of 
their diameters is 2*4 : 1. The delivery pressure is 500 lb. per sq. in. and the air supply 
to the compressor is at 14*7 lb. per sq. in. and 17° C. If the temperature of the air leaving 
the intercooler is 40° C., find the work done per cu. ft. of free air delivered when the 
compression in each cylinder is adiabatic. 

Would you expect the actual work done as measured from an indicator diagram to 
be more or less than this? Give your reasons. Am. 10,085 ft.-lb. 

15. Maximum weight of air. Ratio of bores for two-stage compressor. 

(B.Sc. 1931.) 

In a two-stage air compressor the law of compression is pv 1 ' 3 = constant and inter- 
cooling is effected to the original air temperature of 15° C. Find the maximum weight 
of air which could be compressed from J 5 to 600 lb. per sq. in. per h.p. per hr. Find also 
the ratio of the cylinder diameters if they have a common stroke. 

Am. 15*54 lb. ; 2*513 : 1. 

16. Power for given size and speed. (London B.Sc. 1933.) 

Estimate the power consumption of a single-stage double-acting air compressor, 
given the following particulars: Cylinder diameter = 11£ in., stroke = 8 in., clearance 
volume 3 % of stroke volume, delivery pressure = 80 lb. per sq. in. and suction pressure 
= 13 lb. per sq. in., r.p.m. = 350, and compression and expansion curves of the assumed 
diagram follow the law pv 1 ' 3 = c. Am. 40 H.P. 

17. Turbo compressor. 

In a test of a water- jacketed turbo air compressor the following results were obtained: 

Air inlet temperature 60° F., pressure 14 lb. per sq. in. absolute. 

Air outlet temperature 160° F., pressure 100 lb. per sq. in. absolute. 

Jacket inlet 60° F., outlet 100° F. 
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Water circulated 1400 lb. per min. 

Volume of free air compressed 24,000 cu. ft. per min. 

Find the h.p. required to drive the compressor, if the discharge is 10 ft. above the 
suction inlet, discharge area 047 sq. ft., suction 4 sq. ft., specific volume at n.t.p. 
12*39 cu. ft. per lb., specific heat at constant volume 131*5 ft.-lb. per lb. 

Ans . 2294 h.p. 


18. Adiabatic efficiency of an air compressor. (B.Sc. 1940.) 

Distinguish carefully between an adiabatic and an isentropic operation. 

A centrifugal compressor delivers 120 lb. of air per minute at a pressure of 29*4 lb. per 
sq. in. when compressing from 14-7 lb. per sq. in. and 15° C. 

If the temperature of the air delivered is 97° C., and no heat is added to the air from 
external sources during compression, determine the efficiency of the compressor relative 
to the ideal adiabatic and estimate the horse power absorbed. 

Calculate also the change in entropy of the air during compression and sketch the 
compression process on a temperature-entropy diagram. 

An8> See p. 116. 77%; 100*5 h.p.; 0*013 Rank. The gain in ^ is due to internal 
friction in the compressor. 

On applying Bernoulli’s theorem to the problem it will be seen that the work done on 
the compression cycle, per lb. of air, = C p (T 2 - T x ) =* 19-77 c.h.u. 


(B.Sc. Part II, 1938.) 

19. A two-stage air compressor with complete intercooling delivers air to the mains at 
a pressure of 500 lb. per sq. in., the suction condition s being 14 lb. per sq. in., and 15° C. 
If both cylinders have the same stroke, find the ratio of the cylinder diameters for the 
efficiency of compression to be a maximum. 

raking an index for the compression of 1*3, find the work done per cu. ft. of free air 
delivery and compare it with the isothermal work. Ans. 2-46 • 1 • 81 % 


(B.Sc. Part II, 1939.) 

20. In a two-stage single-acting air compressor the cylinder diameters are 14 in and 
8-5 m., and the stroke is 6 in.; the speed is 200 r.p.m. The compressor deals with 75 cu. ft. 
?co^ € X r POT mm /’ tl ? e atmos I )heric Pressure being 15 lb. per sq. in. and the temperature 
15 C. The M.E.P. in the l.p. cylinder is 15 lb. per sq. in., and in the h.p. 52 lb. per sq. in. 
The delivery pressure is 110 lb. per sq. in. 

Calculate the efficiency of the compressor, when compared with (a) isothermal 
compression, ( b ) two-stage adiabatic compression with perfect intercooler, the pressure 
ratio being the same for each stage. 62%; 71-4% 


21. Cylinder dimensions for a direct petrol driven air compressor. 

(B.Sc. 1940.) 

» 8in ^e-actmg air compressor is to deliver 12 lb. of air per min. at 

pressure of 120 lb. _ per sq. in. when compressing from suction conditions of 14 lb. per 
ft “• 20 C - S® cl 1 earance ma y be neglected, the index of compression takenas 

14, and the area of the theoretical diagram increased by 10 % through valve losses. The 
oppressor coupled to a two- cylinder 4-cycle petrol engine and is to run at 

500 r.p,m. If the stroke bore ratio for both compressor and engine cylinders is 1-25, 
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the engine b.m.e.p. 60 lb. per sq. in. and the mechanical efficiency of the compressor 
90 %, determine the necessary cylinder dimensions. 

g.go 

Arts. Compressor bore, in.; 7*27 in. stroke. Petrol engine, 

V Volumetric efficiency 
5-5 in. bore; 6*88 in. stroke. 


EXAMPLES ON THE EFFECT OF TNTAKE CONDITIONS ON THE 
OUTPUT OF COMPRESSORS 

1 . At a mine situated in Colorado the average day temperature in the intake of the 

compressor was 110° F. and the night temperature was 50° F. Assuming the barometric 
pressure and speed of the compressor remain unchanged, by what percentage does the 
output, in lb. of air per min., increase at night? Ans. 11*6%. 

2. At an elevation of 8000 ft. the barometric pressure on a certain day was 10*8 lb. 

per sq. in. (i) Assuming isothermal compression, What was the compression ratio of a 
machine that produced a gauge pressure of 85 lty per sq. in.? (ii) For the same gauge 
presssure, what is the compression ratio of the machine when situated whero the 
atmospheric pressure is 14*7 lb. per sq. in.? Ans . (i) 8*86; (ii) 6*78. 

'3. By what percentage must the displaced volume of a compressor be increased if its 
output of free air must remain unchanged when the machine is removed from sea level, 
where the barometric pressure is 1 4-7 lb. per sq. in., to an altitude of 10,000 ft., where 
the pressure is 10 lb. per sq. in. ? 

The clearance volume is 5 % of the swept volume, the expansion and compression 
indices are 1*3, the compression pressure = 00 lb. per sq. in. gauge, and the difference 
in latitudes causes the atmospheric temperature to be almost the same in both situations. 

Ans. 9%. 

4. To what percentage of the swept volume must the clearance volume of the com- 
pressor in question 3 be reduced, if, for the same swept volume, the output must remain 
unchanged ? Ans. 3*62 % . 

Compressed air motors. 

In general air motors cannot compete successfully with electricity, so that it 
is only on work where the use of electricity would be dangerous that air motors 
are employed. 

The most general types of motors are: 

(1) The piston type, which resembles a steam engine. 

(2) The rotary type, with its many ramifications. 

The piston type varies from the power hammer to winches, locomotives, and 
various radial engines, and, for a given power, consumes less air than the rotary 
form, because of the reduced leakage and of the greater expansion that is possible. 
This, however, is only secured at the expense of a heavier, more involved, and 
more costly mechanism. 
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The air turbine is valveless, and small in size, light in weight, and requires no 
internal lubrication, but air friction is high, and any dampness m the air causes 
rapid deterioration of the blading at low temperatures. . 

The sliding blade eccentric drum type (see Fig. 47) requires internal lubrication, 
and even so the slots, in which the blades move, wear rapidly. 

The toothed wheel type has a smaller friction loss, and can expand damp air 
without internal deterioration. In the “herring bone ” type (see Fig. 49) expansion 
is possible together with a high starting torque and extreme mechanical simplicity. 
This commends the turbine for colliery work in spite of its extravagance on air. 



Vol.atCut Off llfflfTlIHlIIII 
Expandeo Vol. 

Fig. 49. Turbino air motor “toothed wheel type”. 


Reheating of air. 

Air reheaters have been introduced with the object of permitting a large 
expansion ratio in machines without introducing difficulties due to freezing in 
the ports. Some heaters resemble steam superheaters; but since air is a poor 
conductor of heat the heating elements often burn out on this account, so that 
internal heating is to be preferred to external. 

Of the methods in vogue, electric heating, or producing a high temperature by 
burning a fuel in the air, is not as satisfactory as is the method of injecting steam 
(if a supply is available). This is because the expanding air can draw upon the 
latent heat in the steam, and thereby prevent the formation of ice during ex- 
pansion. 

Overall efficiency of compressed air plants. 

The ratio 

h.p. developed per lb. of air by the motor 

H.P. impressed upon each lb. of air during compression 

is the true measure of the efficiency of a plant which is free from leakage, and 
where preheating is not resorted to. 
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On large plant: 

Electric motor efficiency — 95 %, 

Mechanical efficiency of compressor = 90 %, 

Isothermal efficiency of compressor on indicated work = 80 %, 

A compound hoist lias an efficiency of 50 %. 


Overall efficiency = 


95 x 90 x 80 x 50 

ioo 3 


34 0/ 

O'* /Q . 


For small pneumatic tools which consume 35 cu. ft. per minute per b.h.p. the 
overall efficiency is of the order of 14 %. 


EXAMPLES) 

1 . Combined air compressor and air motor. (B.Se. 1933.) 

An air compressor working continuously compresses air adiabatically from atmo- 
spheric pressure and 288° C. absolute to a pressure at which the absolute temperature 
is T 2 . The compressed air passes through a pipe without loss of pressure and is cooled 
to an absolute temperature of T 3 ; t he air passes into the cylinder of an air motor and 
expands down to atmospheric pressure. Prove, neglecting clearance in the two cylinders, 

that the ratio m i i * \ , 

Work developed by motor 

Work put in to compressor 

is given by TJ1\. 

If the higher pressure is 10 atmospheres and T 3 is 473° C. absolute, calculate the value 
of this ratio. (C p = 0-238; C v = 0-169.) Ans. 0*843. 


2. Air motor. (B.Se. Parti, 1938.) 

The supply to a compressed air motor is at a pressure of 140 lb. per sq. in. absolute 
and at a temperature of 40° C., and it exhausts at a pressure of 15 lb. per sq. in., the 
expansion being according to the law pv 126 = constant. If the cut off is at 25 % of the 
stroke, calculate the consumption of air per horse-power hour, and the temperature at 
the end of expansion. Neglect clearance and take pv = 95-7 T. Ans. 37*9 lb.; 51° C. 


3. Compressed air system. (B.Se. 1926.) 

In a compressed air power system the air is compressed adiabatically in the com- 
pressor from a pressure p x to a pressure p 2 . The compressed air then flows through a long 
length of pipe without frictional loss to an air motor, in which it is used non- expansively. 
Show that the overall efficiency, neglecting clearance effects, is given by 


€g) v -‘] 


Show also that had complete expansion (adiabatic) been arranged for in the motor 

r ~i 


the overall efficiency would have been given by 


ter 



CHAPTER VI 


VAPOURS 


States of matter. 

With few exceptions most substances can exist as Solids, Liquids, Vapours, 
or Gases, the condition depending upon the prevailing temperature and pressure. 

The change from one state or phase to another is often clearly defined, for 
example, the freezing or boiling of water. Substances such as pitch, however, may 
behave in some circumstances as solids, and in others as liquids; so that exact 
classification becomes difficult unless we consider ideal substances, examples of 
which nature docs not produce. 

An ideal solid possesses both rigidity and bulk moduli, i.e. if subjected to 
shearing or direct stresses it will deform until equilibrium of forces is attained. 
A fluid has a bulk modulus, but no rigidity; so that it cannot permanently resist 
a shear. 

In common with a gas, a vapour completely fills the vessel which contains it 
and, in ordinary circumstances, it is easily compressible. The distinction between 
tho two, however, is one of temperature. Below the Critical temperature (see 
p. 146) a vapour may be liquefied at constant temperature by, pressure alone; 
above the critical temperature we have a gas which is unliquefiable. Exceed- 
ingly high pressures at a temperature in excess of the critical may confer on a 
gas a density in excess of its density when solidified at low temperatures, but 
temperatures in excess of the critical prevent orientation of the molecules to 
form a solid. 

Equilibrium between vapour liquid and solid state. 

If a portion of ice, or snow, is trapped beneath a gas-tight piston, and the 
piston is raised— the temperature being maintained constant — vapour is pro- 
duced without liquefaction, until, after considerable time, the pressure becomes 
Ps> the Ice vapour or Sublimation pressure.* The continued outward motion of 
the piston does not affect the vapour pressure, but merely the mass of ice 
evaporated. 

Had a liquid been trapped beneath the piston, and the process repeated, 
saturated vapour would be generated until, at a definite pressure p s , the Satura- 
tion pressure corresponding to the temperature t 8 , the pressure would cease to 
rise. 

If the process is reversed, liquefaction and solidification may be realised. 

Evaporation. 

If the surface of a liquid or solid is exposed to any space not saturated with 
the vapour of that substance, evaporation will commenoe, and if the temperature 

* This is known as sublimation. 
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remains constant it will continue until the space is filled with vapour. The 
amount of vapour that the enclosed space may accommodate depends entirely 
upon the temperature of the liquid (producing the vapour) , and evaporation ceases 
when the partial pressure of the vapour is equal to the saturation pressure 
corresponding to the temperature of the liquid. The kinetic theory explains the 
process of evaporation by the non-uniform distribution of velocity of the 
molecules. The high velocity molecules break through the surface of the liquid 
and carry with them kinetic energy. Without an external supply of heat, there- 
fore, evaporation will cause a diminution in the temperature of the liquid. 

S 

Boiling. 

Boiling occurs when heat is added to a liquid at such a rate that its temperature 
is at least equal to the saturation temperature corresponding to the Total 
pressure over the surface of the liquid. If the vessel is open to the atmosphere 
the vapour displaces entirely the air from the surface of the liquid, whereas with 
evaporation the vapour is removed by diffusion* 

Formation of a vapour under constant pressure. 

In most vapour machines, whether steam engines or refrigerators, evaporation 
and condensation proceed at constant 
pressure. This may be simulated by con- 
sidering an upright cylinder fitted with 
a frictionless piston loaded to produce 
the desired pressure. 

Since, of all vapours, steam is used by 
engineers to a far greater extent than all 
others, the Zero of internal energy for 
steam (see p. 45) is taken as 0°C.; for 
then complications due to a change in 
state from ice to water are avoided. For 
convenience, also, our calculations are 
based on 1 lb. of fluid. 

Commencing therefore with 1 lb. of 
liquid at 0°C., and having a specific 
volume v t cu. ft., the first operation is to 
force the liquid into the cylinder against 
a constant pressure p lb. per sq. ft. 

Treating the liquid as incompressible, 
and assuming no heat flow from an ex- 
ternal source, mechanical work, to the 

v Fig. 50. Generation of a vapour at constant 

extent p ~j heat units, is done by the pressure 

feed pump in raising the piston. This is said to be External energy. 
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Next, the application of heat to the liquid causes an increase in temperature 
and volume, until, at a certain Saturation temperature t 8 , the liquid becomes 
heat saturated and vapour appears. The continued addition of heat now merely 
produces more vapour without any increase in temperature. 

The preliminary heating of the liquid causes a rise in temperature, and since 
temperature can be detected by the senses, the heat absorbed in raising the tem- 
perature from 0° C. to t° is known as the Sensible heat (h) of the water, the 
relation between h and t g being given approximately by 

h = st„* 

where a is the specific heat of the liquid, and may or may not be a function of 
temperature. 

The large amount of heat required to tear molecules from the surface of a 
liquid in the formation of a vapour and to do external work, consequent on the 
increase in volume, is known as the Latent heat (L) since this heat is not mani- 
fested in any of the other operations of the fluid. f 

The vapour in contact with its liquid is said to be Saturated, since the 
slightest diminution in temperature of the vapour will cause it to drop moisture. 
When the last drop of suspended liquid has been evaporated the vapour is said 
to be dry and saturated:]:— saturation now possibly applying to the heat content 
of the vapour, since any further addition of heat produces a Superheated 
vapour. 

If the Specific volume of the vapour is denoted by v„, then tho external work 
done during evaporation (neglecting the small increase in volume of the fluid 
from 0° C. to l„) is given by 


This quantity is often referred to as the External heat of vaporisation, whilst 

L — j K ~ v i) 

is known as the Internal latent heat and is stored as molecular energy. The 
amount of this heat is independent of the way in which this state had been 
reached. 

Commencing with a liquid at 0° C., the Total heat (H s ) which must be supplied 
to produce a dry saturated vapour is (h -f L), an expression of great importance 

* A more exact value is given on p. 141 . 

t James Watt was greatly puzzled when he blew steam into water, and steam was not 
immediately gonerated from the water. Shortly afterwards the phenomenon of latent heat 
was discovered. H. W. Dickinson, A Short History of the Steam Engine , C am brid g e 
University Press. 

t In practice a dry saturated vapour would be difficult to obtain. 
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in Thermodynamics, and is built up from the terms shown below: 


Total heat of a vapour 



Work don© by External work Internal energy External work Internal energy 

the feed pump due to the acquired during duo to the duo to a 

expansion of the heating of formation of change of state 
the liquid the liquid a vapour 

Important. Callendar’s 1934 tables have been used in the text, so that the 
answers to various problems on steam may differ a little from those given by his 
1939 tables. 

Superheated vapour. 

The name implies a condition in which the heat content of the vapour is in 
excess of that required to produce a dry saturated vapour. 

A superheated vapour is produced from a saturated vapour by the continued 
application of heat, provided there is a moderate amount of thermal insulation 
between the liquid and its vapour. If this insulation is not provided, the heat 
supplied will go to evaporate more liquid. For this reason superheating is usually 
carried out in a vessel separate from the boiler, and the greater the superheat the 
more nearly does the vapour obey the laws of perfect gases. 

In an unstable state a superheated vapour may be present in contact with its 
liquid; for example, in steam pipes the surface may be coated with condensed 
steam, but the core of the rapidly moving steam may be superheated. Because 
of good thermal insulation and high air temperature we have superheated steam 
present in great quantities in our atmosphere. At nightfall we see this steam as 
fog banks over water, whilst lower temperatures still produce a general fog, 
which, incidentally, dries the remaining air. 

The heat that must be supplied to 1 lb. of dry saturated vapour to produce 
a superheated vapour at temperature t su is given by 

The difference (t m - 1 8 ) is known as The degree of superheat, and S the average 
specific heat. 

In general S is a function of pressure and temperature and may be obtained 
from steam tables by taking the ratio 

^ Difference in total heat of superheated and 
S = — J1 j = dry saturated st earn at the same pressure 

au 8 Degree of superheat 

jj jj 

— (See later Examples on Vapours.) 

t »u~h 


WH E 


9 
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Dryness fraction or quality (*). 

The partial cooling of a dry saturated vapour will cause local condensation of 
the vapour on the dust particles wliich are suspended in the vapour, with the 
result that a contraction in volume occurs. Alternatively, wet steam may be pro- 
duced by violent ebullition, in which bubbles, as they burst at the surface of the 
liquid, discharge drops of liquid into the vapour immediately above the liquid. 
In a steam boiler this is known as Priming. The ratio 

Volume of dry saturated vapour in i lb. of the mixture of liquid and vap our 
Specific volume of the dry vapour 

is defined as the dryness fraction, x. 

Sometimes it is more convenient to regard x as 

Weight of dry vapour present in the mixture 
Total weight of the mixture 

The two definitions may cause a little difficulty in the case of a steam boiler 
or C0 2 cylinder, thus: Are we to reckon the dryness fraction on the whole contacts 
of the vessel, or merely on the vapour above the surface of the liquid? 

Since the vapour is separated from the liquid by a meniscus, the dryness fraction 
evidently applies only to the suspended liquid. 

It will be obvious that the latent heat required to produce a vapour of dryness 
x is but xL, since only the fraction x lb. is evaporated. Hence the total heat of 
a wet vapour is JJ — h + xL 

whereas the total heat of a superheated vapour is given by 

U — h + L + S(t au — t s ). 

External work when the vapour has a dryness x. 

Prom the definition of dryness fraction: 

The volume occupied by the dry vapour = xv v . 

The volume occupied by the liquid in suspension = (1 -x)v t . 

Total volume of mixture = xv v + {\-x)v l = x(v v - v t ) + v,. 

External work during evaporation 

- 7 [{*(»» - v l) + *>/} - V/] = ~ x[v v - V,]. 

With many vapours v v is frequently much greater than v ; ; so that the approxi- 
mate equations, , 

V olume of vapour = v v x 9 

External work done = — 
are sufficiently exact for practical applications. 
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The internal energy of the vapour is given by 

i.e. = h + xL — ^v v x — ~( 1 — x) v e ^h -f xL — 

Ex. The pressure of steam in a condenser is 2*78 lb. per sq. in., and the dryness fraction 
is 0*86. How many heat units must be abstracted from the steam in order to condense 
(a) one lb., ( b ) one cu. ft.? 

The latent heat at 2-78 lb. per sq. in. 562*3 c.n.u. 

,\ Heat to be removed per lb. = 562*8 x 0*86 = 484 c.n.u. 

Specific volume of steam at 0*86 dry * 0*86 x 126*5 = 108*8 cu. ft. 

Heat to bo extracted per cu. ft. of|Bteam 
484 

~ 108*8 


4*44 c.fl.u. 


Ex. A cu. ft. of steam at 50 lb. per sq. in. and dryness 0*8 is converted into dry saturated 
steam at 167 lb. per sq. in.? By how much is the internal energy and total heat 
changed ? i 

Total heat H per lb. =* h -f r L. 


External work or pressure energy W = - x(c> v — v e ). 

j 

H at 167 lb. per sq. in. dry 

T „ , . , 144 x 167 . nr 

External work = - , . - — x 2*75 
1400 

Internal energy 

h at 50 lb. per sq. in. 
xL at 50 lb, per sq. in. =0*8 x 514*7 

H 

50 x 1 44 

External work=— - _ x [0*8 x 8*524-0*2 x 0*0171 = 35 
1400 


= 666*9 c.n.u. 

= 46*9 

= 620*0 

= 138*9 
= 411*5 


= 550*4 


= 116*5 c.h.u. 


Increase in internal energy per lb. of steam 

Final total heat = 666*9 

Initial total heat = 550*4 

Increase in total heat per lb. of steam 

Specific volume of 1 lb. of steam at 50 lb. per sq. in. 0*8 dry 

= (0*8 x 8*524-0*2 x 0*017) = 6*818. 

116*5 

Change in H per cu. ft. of steam = gTg jg = 17-08 c.h.tt. 
Change in i.e. per cu. ft. of steam = - *^j - — 15-36. 


5154 

104-6 
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Ex. A certain substance at a pressure of 1 10 lb. per sq. in. absolute had a latent heat of 
290 C.H.U. To 1 lb. of this substance, which was on the point of boiling at 110 lb. per sq. 
in., was transferred heat to the extent of 166 c.h.u., and the gain in internal energy was 
160 o.H.u. Find 

(a) The quality of the mixture. 

(b) The internal heat of vaporisation. 

(c) The specific volume. 

Quality = ^ = 57-2 %. 


Heal supplied 

Gain in internal energy 

= 166 0.H.TJ. 
= 160 

1 , , 144 x 110 A . 

External work = — . - x 0*572 x v s 
1400 

= 16 C.H.U. 

v H == 2*47 cu. ft. 


Latent heat at 110 lb. per sq. in. 

= 290 

External work = - -- 

= 28 

Internal latent heat 

= 262 


Ex. Internal energy of steam. (B.Sc. 1931.) 

The internal energy of 1 lb. of wet steam at 140 lb. per sq. in. is 667-3 c.u.u. Find its 
dryness fraction and the volume it occupies. 

If this steam expands hyperbolically to 45 lb. per sq. in., find its final dryness fraction, 
and the heat supplied during expansion. 

Internal energy = (h +xL) - P [xv,+ (l — or) 

J 

180-5 + xx 484-6- l4 ^ )( ' 44 x [x x 3-221 + (1 -x) 0-017] = 567-3. 


x =0-882. 

The volume occupied by the wet steam 

= 0-882 x 3-221 + (1 -0-882) x 0-017 =^2-85 cu. ft. 
For hyperbolic expansion p 1 r 1 = p 2 v 2 . 

v 2 = ^ x 2-85 8-9 cu. ft. 

t’ u . at 45 lb. per sq. in. = 0-01618 cu. ft. 
v t at 46 lb. per sq. in. = 9-4 cu. ft. 

a-x9-4 + (l-x)0-016 = 8-9. 

Final dryness x = 0-9465. 
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h at 45 lb. per sq. in. = 135-2 

xL at 45 lb. per sq. in. = 0-9465 x 517-2 = 489-2 

H = 624-4 

n 45 x 144 on .. . 

Pressure energy = , x 8-9 = 41-1 

1 4UU 

Filial internal energy — 583*3 
Initial internal energy is given as — 567*3 

Gain of internal energy = 16 0 c.it.tr. 

w . , 140x144x2*85, 140* 

Work done = - 14(K) - log, 4g = 46-8 

Heat added during expansion 


133 


= 62 8 


Experimental determination of dryness fraction by bucket calorimeter.* 

If the steam is fairly wet, its dryness may be estimated very easily by blowing 
a quantity of it into cold water contained in a vessel of known water equivalent. 

Let W be initial weight of cold water plus thie water equivalent of the vessel, 
w be the increase in W due to condensation of the steam, 
t x be the initial temperature of the water, 
t 2 be the final temperature after condensing the steam. 

Then from the conservation of energy: 

Total heat before mixing = Total heat after mixing. 

Wt x + (h + xL) w = ( W + w) f 2 , 

x = ~[W(t 2 -t x )-w(h-tJ J. 


Ex. Steam at 90 lb. per sq. in. gauge was blown into a tank containing water at 15° C. 
The combined mass of water and water equivalent was 150 lb. When the mass had 
increased by 5 lb. the temperature was 35° C. Estimate the dryness fracture of the steam. 
At 90 lb. per sq. in. h = 167*9, L = 494*2, whence 

X = 5 x i94-2 [150(35 “ 15) " 5 ( 1(57 ' !) - 35 )]- 
.*. x — 0-945. 

By separating calorimeter. 

An alternative method is to separate the water from the steam mechanically 
by causing the mixture to turn through an obtuse angle, the inertia of the 
. droplets carrying them forward into a collecting chamber. The weight of the 
apparently dry steam separated may be estimated by condensing the steam as 
in a bucket calorimeter, or by discharging the steam through a calibrated orifice. 

* The method gives but an approximate value of x because of calorimetric errors due 
to beat loss, evaporation and thermometric difficulties. 
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If W is the weight of the apparently dry steam discharged from the calorimeter, 
and w is the weight of water separated (during the same interval of time), by 
definition, the dryness fraction is 

X X = • ( 1 ) 

1 H +w 

Fig. 51 shows a separating calorimeter arranged for calibration of the steam 
orifice. 
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when Testing for Dryness 
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T- 
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in 
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Orifice 
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Balance 



-Thermometer in 
Pocket Filled with 
Cyunder Oil 



Exhaust 


Fig. 51. 


Fig. 52. 


Throttling calorimeter .* 

It is obvious that mechanical separation of suspended water from wet steam 
can never be perfect, and therefore x given by (1) will be greater than the true 
dryness, which may be obtained by using a throttling calorimeter (Fig. 52) in 
series with the separating calorimeter. 

As the name implies, the steam is throttled, i.e. it is passed through a con- # 
striction that causes a drop in pressure, without doing external work. 

On this condition the total heat before throttling must equal the total heat 

* Suggested by Joule and Thomson but developed by Peabody. One defect of the 
separating calorimeter is that the volume of water collected is regarded as a mass. This is 
not strictly correct since specific volume varies with temperature. 
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after throttling, except for the slight gain in kinetic energy of the steam and 
radiation. If the steam is fairly dry initially, the pressure drop will release 
sufficient heat to superheat the low pressure steam. Under these conditions 

h 2 + x 2 L 2 = H + Slt^ — tg), 


where t mi is the temperature of the superheated steam having a saturation tem- 
perature t g at which the total heat is H s . 

Usually throttling calorimeters are arranged to discharge at low pressure direct 
to the atmosphere, so that t 8 will not be much greater than 1 00° C. and therefore 
S’ = 0-48, whence ir , n . . , 

•E* — r 

-L/f> 

If w x is the weight of water in W lb. of steajn discharged from the separating 
calorimeter, then, by definition of the dry ness fraction. 


x 9 = 


W- 


w. 


W 


whence = WT(1 — o^ 2 ). 


But the separating calorimeter has already Removed w lb. of water. 
Total weight of water in ( }V -f w) lb. of wet steam is (w 4* 
whence by definition of x , p. 130, the true dryness 


W-w x W(l-x 2 ) 

x = = Xy - -ir: — - L = xjl 


W + w 


W + w 


0-x 2 )]. 


X = ^ X* 

Ex* With a throttling and separating calorimeter, arranged in series, the following 
observations were made: 

Water separated = 4-5 lb. 

Steam discharged from the throttling calorimeter = 45*5 lb. at 140° C. 

Initial pressure = 165 lb. per sq. in. absolute. 

Final pressure = 4 in. of mercury. 

Barometer = 30 in. 

Estimate the dryness fraction of the steam entering the separating calorimeter. 

The dryness fraction x = x t x 2 . 

W _ 45-5 . Q11 

X± W + w 45*5 + 4*5 

z 2 ~ X • 

H at 34 in. Hg = 640-7 

0*48(140- 103-6) = 17-5 

658-2 

h at 165 lb. per sq. in. = 188-1 

X 2^ J “ -g 0'984 

L at 165 lb. per sq. in. = 478-7 
x “ 0-911 x 0-984 =» 0*896. 
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Ex. Dropping the pressure of steam by spraying water into it. (B.Sc. 1933.) 

In an industrial steam plant steam is generated at 150 lb. per sq. in. dry saturated 
and supplied direct to power units. Wet steam at 100 lb. per sq. in. is required for process 
work, and for this purpose some of the boiler steam is cooled in a closed vessel of 
300 cu. ft. volume by spraying water at 1000 lb. per sq. in. and 20° C. into the vessel. 
Assuming no external losses, find the weight of water to be injected, and the final 
dryness of the steam in the vessel. 

At 150 lb. per sq. in. the specific volume is 3*041 cu. ft. per lb. and the total heat is 
06(5*5 c.H.tr. per lb. 

At 100 lb. per sq. in. the specific volume is 4*451, h = 165*7, L = 496*1 and the specific 
volume of water = 0*01671 cu. ft. per lb. 

« Let w lb. of water be injected into the steam, and let x be the final dryness of the 
steam at 100 lb. per sq. in. 

From an energy balance 

internal energy of steam at 150 lb. per sq. in. 

-f internal energy of water -f work done in forcing the water into the vessel 
= Internal energy of tho mixture. 


t.., 300 [V 1000x1441 * 

ImtjaJ energy = ;Hm x 606-5 + W |20 + ( .^ x U() - J . 


Total final internal energy 

« [S + w ] [i 1 057 + 49 °- 1 ■*] - 

Equating those two quantities, 


UK) x 144 
1400 


x 4*45 Ijc 




•a) 

•( 2 ) 


65750 4-21 = (98-7 + iv) (165-7 + 450-3*). (3) 

To evaluate w and x a second equation may be formed from the consideration that 
the final volume is 300 eu ft. 

3< >0 = [4-451 x + ( 1 - x) 0-0167 1 ] [^j + «>]. (4) 

(98-7 + m>) [144-05 + 450-3*] = 63615. (5) 

(98-7 + «’) [4-4343* + 0-01 67] = 300. (6) 

the ratio (5)/(0), x = 0*287, and substituting this value in (5) 

(B.Sc. 1936.) 

Ex. A closed vessel of 10 cu. ft. capacity contains a mixture of water and steam 
weighing 4 lb. at a pressure of 100 lb. per sq. in. Find how much heat must be supplied 
to the contents of the vessel to make the steam 0*9 dry, and determine also the pressure 
of the steam in this condition. The volume of the water may be neglected. 

Since the vessel is closed, and the question implies that initial conditions are stable, 
it would appear that the steam above the meniscus is dry and saturated at 100 lb. per 
sq. in. The specific volume at this condition is 4*429 cu. ft. per lb., hence the weight of 
steam present ia 

= 4+29 = 2 - 2531b - 


By (3). 

By (4), 

Whence, by taking 
or (6) gives 134 lb. 


and the weight of the water = 1*747 lb. 

On supplying heat to the contents of the vessel evaporation will take place at constant 
volume, and may be so vigorous that the meniscus disappears entirely. On this assump- 

* Since energy can neither bo created nor destroyed the total energy before throttling 
must equal the internal energy after throttling. 
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tion the weight of dry saturated steam present =4x0-9 = 3-6 lb. and, neglecting the 
volume occupied by the suspended water, the specific volume of the steam 

= ^ = 2-777 cu. ft. per lb. 


By reference to steam tables, the corresponding pressure = 105 lb. per sq. in. 
Total heat at 165 lb. per sq. in. = 666-8 


^ 165x 144x2*777 

Pressure energy = 

Internal energy of steam per lb. 

Sensible heat of suspended water per lb. 


= 47-0 

= 619*8 
= 1881 


Total i.b. of contents finally relative to 0° 0* 
= [3*6 x 619-8 + 0-4 x 188-1] 


= 2305-3 c.n.u. 


Total heat at 100 lb. per sq. in. 

^ 100x144x4-429 

Pressure energy = 14()(j 

Internal energy 

Sensible heat in water per lb. at 100 lb. per gq. in. 
Total i.E. of contents of vessel initially 

= [2*253 x 616 + 1-747 x 165-81 
Hence heat added 


661-5 

45-5 

61(H) 

165-8 


= 1677-0 
= 628-3 o.n.XJ. 


Ex. Cooling of steam in a closed vessel. 


(B.S<\ 1938.) 


A closed vessel contains 1 lb. of steam at a pressure of 90 lb. per sq. in. and dryness 
fraction 0-9. The vessel is cooled until the dryness fraction falls to 0*6. Neglecting the 
volume of the water, find (a) the final pressure, (6) the quantity of heat extracted. 

If we imagine that water, at 0°C., is introduced into the vessel, the heat required 
will be equal to the internal energy of the steam, thus: 

h at 90 lb. per sq. in. = 161 -4 

xL=: 0-9x498-9 =448*6 


Total heat = 610*0 

90 x 1 44 

External work = 0-9 x 4*89 x — r . - = 40-7 


Internal energy 

= 569-3 

Since the volume is constant, 0*6v s = 0-9 x 4*89. /. 

v„ = 7-33. 

Final pressure when v s = 7-33 (by reference to steam tables) = 59 

h at 59 lb. per sq. in. 

= 144-9 

xL = 0-6 x 510*5 

= 306-3 

Total heat 

= 451-2 

p . 59 x 144 

External work = 4-4 x -vtaa— 

1400 

= 26-7 


lb. per sq. in. 


424-5 

Heat extracted = (569*3 — 424*5) = 144*8 c.h.tj. 
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Clapeyron’s equation for the specific volume of a dry saturated vapour. 

The direct experimental determination of specific volume is exceedingly 
difficult, and Clapeyron ingeniously surmounted these difficulties by making use 
of the Carnot efficiency in an indirect determination, thus: 

For an elementary temperature range dT the Carnot efficiency becomes 


and the work done on this cycle, when the working fluid is a vapour, is shown 
hatched in Fig. 53. 

This hatched area ^(v v -v t )dp. (2) 



Fig. 53. 


Now since the fluid already contains sensible heat, the heat supplied to produce 
a dry saturated vapour and do this work, per lb. of fluid, is the latent heat L at 
pressure p, and from the definition of efficiency we have 



( v v~ v i) 


dp 


from which (v v - Vl ) = ~x~. (3) 

The relation between pressure p and temperature T is very easily obtained 
experimentally — from which the slope of the Tp curve can be evaluated, and 
hence the specific volume. 
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Since nothing is specified as to the working fluid in a Carnot cycle, the previous 
equation could be applied to solidification and liquefaction. 

If {v' v — v t ) is positive, dTjdp will be positive, and therefore the melting point 
increases with pressure. On the other hand, a contraction in volume indicates 
that dTjdp is negative, i.e. an increase in pressure lowers the melting point — as 
in the case of ice, which may be cut by a loaded wire. 


Ex. Show how records of pressure and temperature are sufficient for estimating the 
specific volume of steam, and give the results of a test using a Marcet boiler. 

By making a test in which the temperature is increased by equal increments, and the 
corresponding pressure is observed, it is possible, by the use of finite differences, to 
compute a fairly precise value of dTjdp, without recourse to obtaining the law connecting 


p and T , thus: \ 

By Newton’s method of interpolation the Relation between pressure and tem- 
perature is given by \ 

■!)( f'-2) 


T'(T'- 

P=Po+T'Apq+— 2 ? 




3! 


^ 3 Po> 


.(l) 


where p 0 is the first tabulated pressure (Table 1) and T ' the number of steps in 
temperature. 


Table 1 * 


I 

2 

3 

4 

5 

« 


Absolute 





Temp. °F 

pressure 

Ap 

A l p 


A*p 

t 

p lb. per sq. in. 





230 

20-2 Pq 







4-5 <dp 0 




240 

24-7 p, 

5 0 Ap x 

0*5 J a /) 0 

0 A'p 0 


250 

29*7 p 2 


0-5 A* Pl 




— — — ^ 

_ 5-5 Ap* 


0-5 A* Pl 


260 

35-2 Pa 

— — 

_ 10 A*p t 




6-5 Ap 3 

■ — 

0 b_A*p t 


270 

41-7 p 4 


1-5 J‘p a 

*—■** — _ 

- 


8 0 Apt 

0-5 J*p 3 


280 

49-7 pj 

10 0 Apt 

2-0 d l p« 

0-5 A’p t 


290 

59 7 p« 

11*5 Ap % 

1-5 A* Pi 

0*5 A*p 6 


300 

71 2 p, 

13 5 Ap 7 

2-0 A *p. 

0*5 A s p 9 


310 

84-7 p. 

16*0 Ap B 

2 5 A*p, 



320 

100-7 p. 




. 


* James Watt , using a Papin’s digester, found that when heats proceed in arithmetic 
progression, pressures proceed in geometric progression. Papin in 1080 made his digester 
for the softening of bones by pressure cooking. 





140 Vapours 

Since the real series starts at 240°F., the number of 10° steps in temperature is given by 




Ap 0 is the first difference in pressures = p 1 -p 0 , 

A‘‘p 0 is the second difference in pressures = Ap x — Ap 0 , 

A 3 p 0 is the third difference in pressures = A 2 p x — A 2 p 0 . 

In general, if we commenco with any pressure p n , instead of p 0 , and we require the 
change dp in pressure corresponding to a change St in temperature, then by equation (1), 


St 


Olf 4 

~ {pn bp) Pn Pn i ft ^Pn "b 


St 

10 


GH 


2! 


A*p n +...-p n , 


Stjli) being the number of 10 degree steps in temperature corresponding to T in equation 
(1), whence 

St i St 

10 Id' , , - 

Vp n + - 




/ lp„+- 


2 ! 


>) 

-L&H 


St | 

(St ' 

\( 8 * 2 \ 

lb* 

>10 \ 

Kb- 2 ) 


3! 


A 3 p n . 


( 2 ) 


Now since St must be a small quantity, if Sp/St is to approach, to any degree, the true 
value of tho ratio dp/dt, then Stj 10 may be ignored in comparison with 1, 2, 3, etc., 
so that equation (2) reduces to 


_ 81 V An A s p n A 3 p n ~] 
8 P 10 |_^» 2 + 3 J* 

1 T/l« _£*P* 4.^1 
[6 \_ APn 2 + 3 J* 


Sp 

St 


( 3 ) 


Ex. on the application of equation (3). 

From the values given in Table on p. 139 calculate the specific volume of steam at 
250° F. 


Sp 

St 



1-0 0*5*1 
2 + 3 J 


x 144 = 


lb. per sq. ft. 


= 74-5 lb. per sq. ft. /per °F. 

The value of L at 250° F. is 946 b.t.it., J = 778, v w = 0-016. 

nmo 778x946 
'■- 0 ' 016+ 710V74r5- 13 - 9 - 

compared with the tabulated value of 13*74 cu. ft. per lb. 


Tables of properties of steam * 

The late Professor Callendar, by forming equations connecting pv and T which 
were thermodynamically sound, was able to predict the properties of steam 
from a minim uni amount of experimental data thus: 


* Callendar s 1934 Tables were used in tho solution of many problems contained in the 
text, and, in the high pressure region, these differ from the 1939 edition. 
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Sensible heat. 

Water is a much more complicated structure than was at first thought, since 
it consists of steam in solution, which is known as hydrol, and is represented by 


>0=H,0; 

W 


pure water (H 2 0) 2 , known as dihydrol, and represented by 


>-°< 


and trihydrol (H 2 0) 3 , represented by 


h 2 =o o=H*, 

\ 0 / v 


which is ice. 

It must be evident therefore that the equation h — st 8 will not apply accurately 
to such a complicated mixture, additional tetms being required to deal with the 
ice and steam. Obviously the higher the temperature the less important the 
presence of ice molecules, so with a view to simplification the sensible heat h (in 
Callcndar’s Tables) allows for but hydrol and dihydrol. 

For the purpose of investigating this more complicated structure, consider 
that we start with unit mass of pure water having a specific volume v wi and 
supply heat according to the relation h = st H . 

Now imagine a thin layer of mass w sliced from this water, and converted 
into steam. Latent heat, to the extent wL, will be supplied, so that a better value 
of A is h = st s + wL. 

To determine the value of w, let v s be the specific volume of dry saturated 
steam at temperature t 8 ; then the increase in volume due to evaporation of w lb. 
will be w x (v s — v w ), and since the slice of water lias been evaporated the whole 
volume is available to accommodate this increase. 




whence 


fl = Sl 4 " - 


To satisfy the condition that the internal energy of the water is zero at 0° C. 
the constant 0*003 (which represents the value of v w L/(v s — v lr ) at 0°C.) must 
be subtracted from (1). So with this correction and s = 0*99606, we have 


h = 0*99 666J + 


\v,-vj 


0 003. 


Strictly speaking h is the total heat of the water, i.e. 
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but the pressure energy at moderate pressures is so small that it can be ignqred 
and therefore h may be regarded as the internal energy.* 

By Clapeyron’s equation, p. 138, 

JLdT 

V ° Vu >~ T dp * 


. v w L _ Tip 

•• v s -v w ~ J dT w 


h — + ■ 


= st. , + - 


Tdp 

JdT 


' W > 


(3) 


p being the saturation pressure at temperature T in lb. per sq. ft. 

Equation (3) does not allow for the presence of ice molecules in the liquid, since 
the effect of these is only of importance in the vicinity of 0° C. 


By definition, p. 128, 
By (3) in (4), 


II -h = L. 


H -St = l\\ + — 1 = , 

L u H -v w J v s -v w 


(4) 


whence 


H - $t L _ ft - st 

Vg V a — V w v w 


(5) 


The characteristic equation for vapours. 

If the characteristics of a vapour approach in any way those of a perfect gas, 
it would appear that the equation 

pv = RT (1) 


would at least be obeyed approximately. 

Now the first obvious defect of equation (1) is that when T = 0 or p = oo, 

v is zero. Obviously this cannot be, since the volume of any substance cannot 

be reduced below the volume occupied by the molecules when these are in contact. 

To correct this defect (which is most marked at high pressures) the volume of 

the molecules, or “co-volume” 6, is introduced into equation (1), which then 

becomes , . , 

p(v-b) = RT y (2) 


where R is the limiting value of the ratio pv/T when b is negligible. 

Even equation (2) is not entirely satisfactory, because it takes no account of 
intermolecular forces. Van der Waals regarded the effect of these forces §s reducing 
the free pressure of the vapour, whilst Callendar considered their effect in reducing 


* With refrigerants the pressure energy is of importance so that at 0° C. whilst satis- 
fying the condition that i.e. is zero, h is still a small positive quantity representing the 
pressure energy of the liquid. 
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the ideal volume through pairing off of the molecules-a process known as 

^erelalfonTetween van der Waals’ equation and that of Callondar may be 
shown thus: 

( 3 ) 


(p + ^(v-b) 


RT. 


Van der Waals gave 

\ w / 

At a state removed from the critical b will be small compared with e; so that 
( 3 ) may be written / a \ „„ 

[P+ v -i) v ~f T - 

pv^RT4~. 

\v 

RT a JRT a (4) 

v -~j~~pv^rp 1 

the approximation pv = RT being sufficiency accurate here. 

Experiment shows that a is a f(T) of th# form aJT", which, on substitution 

in (4), gives R p _ 

V ~'J'~RT^ 1 ‘ 

aJR may be taken as C t T? + \ where C\ is the value of aJRT™ when 

T = T X = 373 - 1 °, 

and writing (N + 1) = V = ¥• ( Jt should be observed that Callendar’s t, is 
not the index of expansion.) Equation (4) reduces to 

RT r (T 1 \ n 

V ~ p Cl \T / ’ 

which compares well with Callendar s more exact equation 


v- & = 


RT (TA* 

v c, W • 

where p is in lb. per sq. in., T in ° C. absolute and v in cu. ft 

10 


.(5) 


„. 1.0706|-[0-4 2 13(^) I -»-016]. 

A revised expression of Callendar s (1934) is 

C 


v _RT 


, + b. 


ap 1 - z 9 p i 

p /373-l\ 10 

= 1-0700, C - 0-4213 , ® = 

z = 6a(^ + l)§ = 2-2284^, b = -0-00212. 


•( 6 ) 


144 

1400’ 
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Expressions for the internal energy and total heat of dry saturated, 
superheated, and supersaturated steam. 

Considering first the change in internal energy of a perfect gas we have, per lb. 


of gas, the 


i.v. = C v (T 2 ~T l ). 


But T — pv/R, and if we consider that the pressure remains constant, 

I.K- R ( v 2 V . 0 - J {y _ iy 


For superheated steam, y - 1*3. 


(y- 1) = 0-3 = 


10 ’ 


10 p. . np 

I E. = y JO'i-Wl) = 

For superheated steam Cullcndar showed that the i.e. (reckoned above 0° 0.) 
was given by 

i.e . = *P[v-b) + B, (1) 

wlicre B = 404, which is very nearly the value of the i.e. at 0° C., since at this 
temperature the saturation pressure is but 0-089 lb. per sq. in., and therefore the 
first term in equation (1) is negligible. 

From the definition of total heat //, 

. = (// — B) J nb_ 

p{n+ 1) + »+ 1’ 

with the adiabatic index = = — — , n = . 

10 n 3 


or 


v = 2-2436 


(H^4). 0 , 


00212, 


( 2 ) 
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where H is the total heat in c.h.u. and v is the specific volume in cu. ft. per lb. at 
p lb. per sq. in. Equation (2) is very important in the expansion of dry, super- 
heated, or supersaturated steam. 


Ex. Superheated steam. (I.M.E.) 

Estimate the amount of heat required to convert 10 lb. of water at 37*7° C. into steam 
at a pressure of 220 lb. per sq. in. absoluto with 144-4° C. of superheat. 

Find the average value of the specific heat of the steam over this range and calculate 
the volume in cubic feet of 1 lb. of this superheated steam. 


From Table II, 


H s at 144-4° superheat = 750*2 c.h.u. 

h at 37-7 = 37*7 


Heat supplied per lb. ; = 712-5 c.h.u. 


Heat per 10 lb. =* 7125 c.h.u. 
H 8 at 144-4° superheat = 750*2 

H s at 220 lb. per sq. in. dry = 069-5 
Heat to superheat = 80-7 


80-7 

Specific heat == : == 0-558. 

144-4 


Specific volume = - -0-002 


2-243G (750-2 -464) 
= ' ~ 220 


2-92 cu. ft. per lb. 


Ex. Internal energy and the compression of steam. (B.Sc. 1935.) 

Calculate the internal energy of 1 lb. of steam at 8*0 lb. per sq. in. pressure and 
dryness 0-94. If this steam is compressed to 150 lb. per sq. in. according to the law 
= constant, find the work done during compression and the change in internal 
energy. 

In at 8-0 lb. per sq. in. = 83*75c,ii.u. 

xL at 8*0 lb. per sq. in. = 0-94 x 548*8 == 51 6*0 

H = 599-75 

External work — - x [0-94 x 47*3 + 0-00 x 0*016 1 = 36*65 
14UU 


Initial internal energy 
Work done during compression 


= 563-10 (J.n.tr. 


_ ?i = piVi Urn n -il 

n- 1 (» — 1 )L\ 2 > 1 / J 

018 

_ 8xl44 x 4 4-5r7150|. »_,] , 114 2 o ., 1 . 0 . 
~ 0-18x1400 L\ 8 / J 


W HE 
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At ISO lb. per Bq. in. the specific volume of dry saturated steam is 3-016 cu. ft. The 
specific volume of the compressed steam is 

44 ^(w*) 1 ” “ 37 ft - 


and since this is greater than 3*016, the steam must be superheated. 
Prom Calleridar’s equation, 


*-'hSS b+ -* 


[3-7 +0-002] + 464 = 710-5 c.H.u. 


_ , . , 160 x 144 0 _ 

External work = - 1400 x ^ ^ ^ ^ 


Final internal energy 
Initial internal energy 
Change in internal energy 


= 653*3 
= 563*1 


= 90*2 c.H.u. 


4 


♦ 


The pressure volume diagram for a vapour. 

No single equation is available which represents, to any degree of approxi- 
mation, the properties of a liquid and vapour; any attempt at obtaining one has 
resulted in intolerable complexity in spite of the continuous process of evapora- 
tion. 

The relation between pv and T, however, may be illustrated by the curve 
(Fig. 54), which is plotted from experimental data on the particular vapour, 
properties beyond the experimental range being predicted from experiments on 
a vapour of similar atomic structure, but which is more amenable to test. 

A typical system of isotherms is rihown, and it will be seen that a jog occurs 
as each isotherm passes through a change of state in all cases except at and 
above JB. 

The temperature and pressure corresponding to point B are said to have 
Critical values ; since any increase in pressure above the critical removes the 
phenomena of evaporation and condensation, the change from the so-called 
liquid to the gaseous field takes place continuously and homogeneously across 
the critical isotherm. Paradoxical as it may seem, no separation of liquid and 
vapour occurs during a constant pressure compression FG\ yet subsequent iso- 
thermal expansion GH shows that a liquid has existed. 

The homogeneity of the substance above the critical pressure suggested a 
simple means of identifying the critical state by observing the temperature at 
which the meniscus disappears when the liquid is heated in a sealed tube. 
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A C 

Volume ► 


Fig. 54. 

EXAMPLES ON VAPOURS 

1 . Latent heat of steam by condensation. (Junior Whitworth 1933.) 

Wet steam is discharged from a cylinder at atmosphere pressure. Before entering the 
condenser the water in the steam is trapped off. The condenser measurements give 
680 lb. of dry condensed steam per hr. leaving the condenser at 79° 0. The cooling 
water used was 4-85 cu. ft. per min., and the inlet and outlet temperatures were 14° and 
35° C. respectively. Calculate the value of the latent heat of steam at atmosphere 
pressure. Arts . 539 c.h.u. 

2. Raising steam in a boiler. (Junior Whitworth 1930.) 

A boiler weighing 1*5 tons when empty has 6 tons of water pumped into it. If the 
grate area is 15 sq. ft. and the coal of thermal value 8000 o.h.u. per lb. is burnt at the 
rate of 12 lb. per sq. ft. of grate area per hr., calculate the length of time required to 
raise the temperature of the boiler and its contents from 15° 0. to the temperature 
required to deliver steam at 100 lb. per sq. in. absolute. Neglect the effect of the space 
above the water level. 

Take the average specific heat of the boiler material as 0*1 1 and the boiler efficiency 
50 % when raising steam. 

If the actual boiler efficiency * 70 %, what amount of steam per hr. could be raised 
at this pressure, the temperature of the hot well being 45° C. and the rate of firing the 
same? Ans. 2*88 hr. ; 1640 lb. per hr. 
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3* Drying one cubic foot of steam. 

How many heat units are required to convert a cubic foot of steam at 50 lb. per sq. in. 
and dryness 0*8 into dry saturated steam at 160 lb. per sq. in.? By how much is the 
internal energy of the steam changed ? Arts .• 16*88 c.H.u. ; 15*2 c.H.u. 

4. Heating coils and reducing valve. (B.Sc. Part I, 1937.) 

Dry saturated steam at a pressure of 150 lb. per sq. in. is passed through a coil which 
is immersed in water at saturation temperature in an outer vessel maintained at 
50 lb. per sq. in. The steam at 50 lb. per sq. in. resulting from the evaporation of the 
water has a dryness fraction of 0*95 and passes through a valve into a 4 in. diameter 
pipe in which the pressure immediately after the valve is 30 lb. per sq. in. Calculate 

(a) the amount of high-pressure steam necessary to generate 10 lb. of low-pressure steam 
per min. and (i>) the velocity of this steam in the 4 in. pipe after the valve. Assume 
complete heat exchange between the pipe and the water, and no loss by radiation. 

Ans . (a) 9*28 lb.; (6) 1513f.p.m. 

5 . Calculate the total energy, reckoned from 0° C. , of 1 lb. of steam at 1 15 lb. per sq. in. 
when the dryness fraction of the steam is 1*0, 0*7 and 0*3. 

Find the volume of 1 lb. of steam in each case, and calculate the amount of external 
work done, and also the gain in internal energy during evaporation. 

Ans . 663*4, 515*9, 319*1 cui.u.; 3*9, 2*737, M83 cu. ft.; 445*8, 312*06, 133*74 c.H.u. 

6, Mixing of steam. (Junior Whitworth.) 

Two boilers supply steam at a pressure of 100 lb. per sq. in. absolute to a pipe. The 
first boiler is fed with water at J 5° C. and delivers 2400 lb. of steam per hr. at a dryness 
of 0*9. The other is fed from a hot well at 65° C. and delivers 2000 lb. of steam per hr. 
at a dryness of 0*8. Compare the relative amounts of heat made use of by the two 
boilers. What is the dryness fraction of the steam in the pipe? 

Ans. 142,800, 991,640 c.H.u. per hr. ; * = 0*854. 

7, Ammonia cylinder. 

An ammonia cylinder of 10 cu. ft. capacity contains 7*5 cu. ft. of liquid at 50° F. 
The cylinder is placed carelessly alongside some heating pipes, and in the course of a 
day its temperature rises to 125° F. From the data given calculate (a) initial quality, 

(b) the resultant increase in pressure and (r) heat absorbed by the ammonia. 


Temp. 

Volume 

Heat content b.t.u. j 

Absolute 

°F. 

Liquid | Vapour 

Liquid 

Vapour j 

lb. per sq. in. | 

| 

50 

002584 I 3-294 

97-93 

625*2 | 

89-19 

125 

0-0286 | 0-973 

1851 

634 1 

307-8 


Ans. (a) 0*26%; ( b ) 218*6 lb. per sq. in.; (c) 25,917 b.t.u. 

8. Dryness fraction produced by expansion of steam. (Junior Whitworth 1928.) 

One pound of feed water at 35° C. is heated in a boiler under 100 lb. per sq. in. absolute, 
and calculation shows that it receives 435 c.H.u. What is its dryness fraction? If this 
steam is then expanded to 15 lb. per sq. in. absolute without doing any work, what is 
then its dryness? 
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Using steam tables, find the dryness fraction when steam at 250 lb. per sq. in. and 
00° superheat expands adiabatically to 1 lb. per sq. in. 

Would the actual dryness be greater or less than this (a) in a reciprocating engine? 
(b) in a steam turbine? 

Ans. 0*617, 0*684, 0*802. In a reeiprocator slightly greater, in a turbine considerably 
greater, especially if small and inefficient. 

9. Expansion of steam. (Junior Whitworth 1033.) 

One pound of steam is admitted into a cylinder at 100 lb. per sq. in., and when the 
volume behind the piston is 4*45 cu. ft. it is cut off. The steam then expands until the 
end of the stroke when the pressure is atmospheric 15 lb. per sq. in. The expansion line 
follows the law pt; 107 = constant. Obtain 

(1) the volume at the end of the stroke; 

(2) the dryness at the end of expansion; 

(3) the total work done per stroke if the back pressure is atmospheric. 

Ans. (1) 26*3 cu. ft. ; (2) Dry ; (3) Work = n (p^— p 2 v 2 ) ~ 78*6 o.u.it. 

i 

10. The bucket calorimeter. 

Wet steam at 1021b. per sq. in. is blown into a well-lagged tank which has a water 
equivalent of 20 lb. and contains 180 lb. of w ater at 60° h\ If this mass of water increases 
to 185 lb. at a temperature of 83° F., as the result of condensing the wet steam, find the 
dryness fraction of the steam at 102 lb. per sq. in. Ans. 76*1 %. 

11. Dryness fraction calorimeters. (B.Ko. 1934.) 

You are required to measure the dryness of steam supplied by a water tube boiler. 
Describe with the aid of carefully drawn sketches the apparatus you would employ, 
and how you would carry out the test. 

State precisely the precautions to be observed, and discuss the advantages and 
disadvantages of your method. 

12. Combined separating and throttling calorimeter. (B.Ne. Part I, 1938.) 

Sketch and describe a combined separating and throttling calorimeter. If the main 
steam pressure is 120 lb. per sq. in. and 1*5 lb. of steam are condensed in the separator 
while 8*2 lb. pass through the calorimeter, calculate the dryness of the steam in the main 
steam pipe. 

The temperature and pressure on the low-pressure side of the calorimeter are 1 18° C. 
and 15 lb. per sq. in. Ans. 0*821. 

13. Minimum dryness fraction obtainable by throttling calorimeter. 

What is the minimum dryness frac.’on that may be determined by a throttling 
calorimeter if the pressure of the steam before throttling is 200 lb. per sq, in. absolute 
and after throttling 15 lb. per sq. in. absolute? Ans. 0*94. 

14. Throttling calorimeter. (B.Sc. Part II, 1940.) 

Describe with sketches a steam calorimeter suitable for determining the dryness of 
steam supplied to an engine, indicating clearly the essential features of the apparatus. 
A boiler supplies steam at a pressure of 100 lb. per sq. in. and 30° C. superheat. The* 
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condition of the steam at the engine to which it is supplied is determined by means of 
a throttling calorimeter. After expansion in the calorimeter the pressure is 15 lb. per 
sq. in., and the temperature is 1 12° C. Calculate from steam tables 

(a) the dryness of the steam at the engine, 

( b ) the heat lost from the steam pipe, per lb. of steam. Ans. 0*972; 30*5 c.h.u. 
15* Steam separator. 

In 1 hr. a steam separator removes 1 1 *2 lb. of water in partially drying 212 lb. of steam. 
If the dryness fraction of the steam leaving the separator is 0*99, what is the dryness 
fraction of the steam entering ? Ans, 0*94. 

16. Clapeyron’s equation. (B.Sc. 1929.) 

j L dT 

Derive the equation v s — v w — \p where v 8 and v w are the volumes of 1 lb. of dry 

saturated steam and 1 lb. of water respectively, J is Joule's equivalent, L is the latent 
heat, T is the absolute temperature, and P is the pressure. What is its value from the 
practical point of view ? 

Use it to find the volume of 1 lb. of dry saturated steam at 5-5, 55, and 220 lb. per sq. in. 

Ans . 67, 7*7, 21 cu. ft. 

17. Clapeyron’s equation applied to the freezing of water. 

Show by Clapeyron’s equation that the freezing point is depressed by 0*0075° C. 
for each atmosphere increase in pressure given: specific volume of water at 0°C. is 
0*016 cu, ft. per lb., and that of ice 0 0174 cu. ft. per lb. Latent heat of ice is 80 C.H.U. 
per lb. 

18. Internal energy and compression of steam. (B.Sc. 1930.) 

Calculate the internal energy of 10 cu. ft. of steam at 20 lb. per sq. in. and at 0*9 dry. 
How much work must bo expended on this steam to compress it adiabatically until it 
is j ust dry and saturated ? Ans . 305*5 C.H.u. ; 36*18 O.H.U. 

19. Expansion of superheated steam. (I.M.E.) 

Steam enters an engine at a pressure of 180 lb. per sq. in. absolute with 67° C. super- 
heat and is exhausted at 2 lb. per sq. in. absolute and 0*94 dry. Estimate the drop in 
total heat and the volume per lb. of the steam at admission and exhaust conditions. 

Ans . 122 c.h.u.; 3*05, 163 cu. ft. 

20. Hyperbolic expansion of steam. (B.Sc. Part I, 1940.) 

Find the total energy of 1 cubic foot of steam at 150 lb. per sq. in. and dryness 0*8. 
If this steam expands hy periodically to 30 lb. per sq. in., find the dryness fraction 
at the end of expansion. Ans. 235*4 C.H.U.; 0*878. 

21. Hyperbolic compression of steam. (B.Sc. 1934.) 

Two cubic feet of steam at a pressure of 40 lb. per sq. in., and having a dryness fraction 
of 0*96, are compressed hyperbolically to a pressure of 120 lb. per sq. in. Find the final 
dryness of the steam and the quantity of heat passing through the cylinder walls during 
f compression. Ans. 0*897 ; Heat rejected, 12*33 C.H.U. 
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22. Production of steam at constant pressure and constant volume. 

(B.Sc. 1940.) 

A boiler contains water and steam at atmospheric pressure, all air having been ex- 
pelled and the stop valve closod. Find the quantity of heat required to convert 1 lb. of 
water from this condition into dry saturated steam at 100 lb. per sq. in., the stop 
valve being still closed. 

When the stop valve is open and the boiler is supplying dry saturated steam at 100 lb. 
per sq. in., how much additional heat is required per lb. of steam formed from feed water 
at50°C.? Ans. 514-44 c.h.u.; 6101 c.H.r. 


23. Internal energy of a vapour. 

By making use of Clapeyron’s equation, shoijr that the gain in internal energy which 
takeB place during evaporation at constant pressure is given by L 

i 

v 

24. Specific volume of ammonia. I 

t 

The relation between the absolute pressure in lb. per sq. in. and the absolute 
temperature T° F. of ammonia is given by . 

logio P - 6*8739 — 50 &>g 10 (^J^) . 



Calculate the specific volume of dry saturated ammonia vapour at 80" F. given 
£=503-4 b.t.u., and specific volume of liquid ammonia =0-0268 cu. ft. per lb. 

Ans. 1-95 cu. ft. 



CHAPTER Vn 


ENTROPY 

Entropy, <j>. 

Entropy is a quantity which frequently causes beginners difficulty ; because there 
is no good analogy and nobody has yet defined it to everybody’s satisfaction. It 
may be regarded as a now variable introduced to facilitate the study of fluids 
when they are passed through a Reversible cycle. In mathematics, when 
differentiating a function of a function, we have no hesitation in introducing a 
new variable ; so regard (f> in the same light, and many of the difficulties associated 
with entropy will vanish. 

The change d<j> of entropy is defined as the addition dQ of caloric heat, i.e. heat 
which may be measured by a calorimeter, expressed in c.H.u. or b.t.tj., supplied 
from an external source, divided by the absolute temperature T at which the heat 


was supplied, i.e. 


A . dQ 

# = f • 


•( 1 ) 


The reason for introducing such a variable mav seem obscure, but if it is 

21 -ST, 


remembered that the efficiency of the Carnot cycle is given by r/ 


r J\ 


and 


that for a temperature range of one degree, T 1 — T. i = 1 ; then a supply of dQ units 
of heat, at a thermal potential of 1°, will in a perfect heat engine effect mechanical 
work to the extent 




dW = J-? = Jd<p ft.-lb. 


•( 2 ) 


Since the primary object of any efficient heat engine is to produce a maximum 
amount of mechanical work for a given supply of heat, the importance of entropy, 
which represents the greatest amount of work obtainable per degree fall in 
temperature, will be at once apparent. 

Since entropy is measured per Unit mass, it would be more precise to speak of 
it as specific entropy. There would then be agreement with specific volume, 
specific heat, specific gravity, etc. 

To bring the zero of entropy into agreement w’ith the zero of internal energy, 
and of the heat of vapours, and to avoid physical and analytical difficulties 
which would arise if the absolute zero were taken (see eq. 5, p. 153), the zero of 
entropy is taken as 0° 0. For temperatures below 0° C. the entropy is negative, 
since sensible heat below 0° C. is also negative. 

Rankine introduced the idea of entropy in 1851, and called it the Thermo- 
dynamic function. In honour of Rankine the fate Prof. Perry suggested that 
the unit of entropy should be known as the “Rank”. Clausius later extended 
the conception of the Thermodynamic function and named it Entropy.* 

* According to King’s English Dictionary entropy is derived from the Greek “en ”, in, 
and “trepein”, to turn. The heat which has been turned away from doing useful work, 
when divided by the absolute temperature, is the change in 4>. 
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General expression for the change in <f>. 

In general the addition of heat dH to a fluid will cause its temperature to in- 


crease by dT, and from the definition of specific heat s, 

dQ = sdT per lb. of fluid. (3) 

where 8 is the specific heat appropriate to the method of heating. 

dT 

By (3) in (1), = s .(4) 



Solving this differential equation, we have 

f*,. r ,dT • jl * i T * 

= i.c. fa- fa = s\og t . T ^ (5) 

8 being considered independent of T. 

Taking T x = 273° C. and varying 1\ produces the logarithmic curve shown in 
Fig. 55. 

If the addition of heat takes place at constant temperature T 2> as in the case 
of evaporation or condensation, then, with a dryness fraction x 2 and latent 
heat L 2> i rx % L t 

J>-4 


dQ. 


• A A — X 2^2 
• • Y3~ Yi ~ ~rj> « 


.( 0 ) 



154 Entropy 

or the heat added at constant temperature, from an external source, is the product 
of the change in (j> and the absolute temperature at which the change occurs. 
This is represented by the dotted rectangular area in Fig. 55. 

From equation (1 ) it should also be observed that, in general, the area J Td<j>, 

beneath a T<j> curve, represents the heat supplied during any physical change. 
If the process is taken through a reversible cycle, the area enclosed will — in 
common with the pv diagram — represent the work done. 

One important advantage, however, of the T<j 6 diagram over the pv diagram 
is that it represents the whole process of heat extraction and rejection during the 
cycle; not just the work done. An adiabatic curve on the pv diagram is replaced 
by a straight line on the T(j> diagram, and the dryness fraction may be easily 
obtained. 


Entropy of a superheated vapour. 

Since the heat to raise one lb. of superheated vapour through dT degrees is 
given by & 'dT (the numerical value of S depending on the process of heating), 
then, by definition, 

d(j> — S j, . ......(7) 

Comparing this result with equation (4) we see that they are similar, and 
therefore the increase in <]> due to superheating to temperature T m is 

0 4 — 03 = $ l°ge 'jr , (8) 

Bince T 2 - T a . 

Henco the total entropy of a superheated vapour, reckoned from 0° C., is 

S>“»'»g.^3+^ + Slog,^. (9) 


Temperature entropy diagram for steam. 


To avoid having to constantly work out equation (9) for particular problems 
Belpaire in 1872 considered it best to plot it from steam tables, due allowance 
being made for the variation in specific heats with temperature. 

Taking 0°C. as the arbitrary datum, the Liquid line is plotted from the 


T 

equation ^ = slo & 2 73 


Below 200° C. the liquid line is concave on the left 


because of the reduction of specific heat of water with an increase in temperature. 
Above 200° C. the rapid increase in s reverses the concavity of the curve and 
ultimately turns it over at the Critical temperature. 

By selecting various temperatures, say 50°, 100°, 150°, etc., the corresponding 
latent heat L may be obtained by reference to steam tables, and the increment 
in </> = L/T set off horizontally from the water or liquid line. 
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By repeating this procedure for many temperatures, the Saturation line 
is defined by the locus of the right-hand ends of the increments which themselves 

are Isotherms. 

Lastly, from the points T on the saturation line the increment </> m = S log, T m j T 
(due to superheating at constant pressure) may be set off. T m and cj> m being the 
only variables in the old type of commercial charts, where S was taken constant 
at 0-48. 


Const. Vol 



Fig. 56 T(f> diagram. 

Plotting would bo facilitated and greater accuracy result by extracting, for a 
given pressure, values of <j) w , <j) a = (^ V) + <j>r) and <j> = (<fi„ + (j> m ) from the steam 
tables and plotting these values direct from the co-ordinate axes. 

Constant total heat lines. 

Lines of constant total heat H are of value in solving problems where a change 
of pressure occurs without any external work being done, i.o. throttling operation. 
They may be*plotted by selecting a certain total heat, say 700 C.H.TJ., and by 
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reference to Callendar’s steam Table II to obtain the corresponding pressures and 
degrees of superheat that will give this heat. Knowing these pressures and super- 
heats, Table III will give the corresponding value of <J>. 

In the wet region the dryness fraction, for a given total heat H , must first be 

II -h 
L 

Constant quality lines. 

Lines of constant quality or dryness may be plotted by dividing the isotherms 
into ton equal parts and then joining the corresponding points on successive 
isotherms. This construction follows from the fact that the entropy of wet steam 
given by the previous equation is a linear function of x . 

Variation of dryness fraction during expansion. 

It should be observed that when x = \ the constant quality line is almost 
vertical, and therefore a change in temperature at constant entropy does not 
affect the dryness. With x<\ the steam becomes drier for a corresponding 
expansion, whilst for x> i the steam becomes wetter, for a fall in temperature. 

Lines of constant volume. 

Having located the constant dryness lines, lines of constant volume may be 
very easily plotted from the relation v = xv H , thus: 

By reference to steam tables, find the saturation temperature corresponding 
to specific volumes of 1, 2, 3, 4, etc. cu. ft., and plot these points at the intersection 
of appropriate isotherms with the saturation line. 

Taking now drynesses of l, -J, etc. means that with dry saturated volumes of 
2, 3, 4, etc. the wet volumes become 

t*2=], J x 3 = 1, 1x4=1. 

The intersection of the 1, 2, 3, 4, etc. cu. ft. isotherms with dryness curves of 
0 # '5, 0*33, 0*25, etc. therefore locate points on the constant volume 1 cu. ft. curve. 

Proceeding in this way, the 2, 3, 4, etc. cu. ft. constant volume lines may be 
constructed, and it should be observed that they converge towards the origin 
but never actually reach the liquid line since steam is always present even at 
extremely low temperatures, whilst the dryness lines converge to the critical 
temperature. 

leinperature entropy diagrams as described previously, and plotted to a large 
scale, were obtainable from H.M. Stationery Office, Price 2d. 

Value of the T<f> chart and precautions in using it. 

The T(j) diagram is of value for illustrating ideal cycles and for exhibiting the 
physical properties of any fluid. In using it, however, for the computation of heat 
quantities, it should be remembered that ordinates must be measured from 


computed from the equation x — 


\ - , . T xL 

I, whence <p^=s log c - ~ 4* . 
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absolute zero of temperature, and not from 0° C. On commci-cial charts the 
blank space from 0° to — 273° is omitted to produce a diagram of more convenient 
size, and this omission occasionally causes confusion. Great care should bo taken 
if an attempt is made to show an irreversible cycle on this diagram, since the 
area beneath the curve, defining the operation (which should be dotted for 
preference), has no real significance. It cannot express the heat involved in the 
process. To obtain the heat quantity involved the actual operation must be re- 
placed by reversible operations whicli will bring about the same change of state. 


Callendar’s more accurate values for the entropy of water and steam. 

On p. 141 it was shown that Callendar’s equation for the total heat of water was 


h = 0-99606i + 


(*»,-* *>, n) 


0003. 


To obtain the equivalent expression for entropy the first term may be inte- 
grated as on p. 153, giving ■ 

0-WM.tog^j. 

The second term is the entropy of vaporisation of the steam in solution, from 

V Tj 

Equation (6), p. 153, this is given by - — -,. t , a quantity which has the value 

(v s v u ,) / 

0-00001 when T = 273° C. absolute. 


/. </>„. = 0-99666 log, - 7 g- + T - 0-00001 . 


•(1) 


Entropy of vaporisation, <f> L . 

This is defined as LjT, and is equal to the entropy of dry saturated steam 
minus the entropy <f> w of water at the temperature of vaporisation. 

By Clapeyron’s equation, p. 138, 

L _ fa-jVw) df> 

T~ J " AT' 




L = K-’V) <lp 
T J dT' 


•( 2 ) 


The last term of (2) is the work done per unit mass per degree fall in tem- 
perature. 


Entropy of dry saturated, superheated, and supersaturated steam. 

Allowing for the variation in specific heat of superheated steam, we have 

= (3) 

The variation of 8 with T has been obtained for atmospheric pressure, so to 
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obtain the change in <f> for any other pressure the work must be done in two steps, 
thus: * 

First raise the temperature from 100° C., i.e. T v to its final temperature T t 
at constant atmospheric pressure; then, whilst maintaining the temperature 
constant, compress the vapour isothermally from p 1 to p 2 . This process is shown 
in Fig. 57. 



Oallendar’s expression for the total heat of superheated steam is 
1 I = So T-^±^ + abp + B, 


.( 1 ) 


whore 


10 

n -v 


a = 


144 

1400 


„ /10 c 2-2284c Ac 

Oo ij + — T~~f< 

10 

( 373VV 

, 8q = 0-4772, B = 464. 


dH 


The change in <fi is given by d(j> — r ^ . 

Heating at constant pressure. 

Treating the right-hand side as a product 


f 


dv , 1 dv dH du 

W dx dx> u -~f' dx~dT ’ df 


\ 

rpt ’ 


V = H. 


• r±i-\dT-* + r^dT 

•• J Ti T\ST) ~ T + ] Tl T* ai ‘ 


( 2 ) 



....(3) 


W 


Entropy 1^9 

To evaluate (2), substitute from (1), giving 

=«.'og. 

. . f a(n+l)cp irjl 

To evaluate J [f zr z ^)T\ ' 

and remembering that p is constant, let Z = ?p, 

fcc 0 /J\\ TO 

Z ~ T T \sr; p> 

dz l „^u kc <>Pl T 'Y*--( n +i)- cp - 

_ = -(»+ 1)- - t t [fj ,--^ n+1) T* * 

By (4) in (3), 5 

" Hence 

JI, ‘ ‘ (5) 

By (1), (2) and (5), the total change in <j> is 

r a(n+\)cp nbp KV' 

^2- Pi - |_ 5 o y(i_ z yj + r irjr, 

- ^ +B> (*.-*) 

= s,log.^-o(n+I)[ 5 r f ir^)-r l (l-2SPi)] 

+ f*K(T^)- ,ofc (r^)] (B) 

The change in <f> at constant temperature, T 2 . 

Heat added ■= Work done + Change in i.e. 

dH = apdv + dE , 

jzi i r A * j AET\ _ /»v 
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In the steam tables, H = apv 4- E. 

Differentiating with T constant, 

tdH 


r-\ 

\ dp /To 


dv dE 
= av + ap =- + — . 

const. & P Op 


Transposing av in (8), 


(dH\ 

Ur— 


dv dE 


, , , i r m i , 

whence, by (7) and (9), d<l> = \jdp ~~ UV J 

r<f>* 1 fir* a C 7h 

d<i> = * dIJ- ¥ \ vdp. 

J4>t 




But C'allendar’s expression for v is 

_ [ RT _ 

~~ [_ a/p l — z 2 ]r 

, , /H\"’ a p>>tRT c .\. 

S'*) [ T J jh T J pi [ ap 1 _ 2 2” 2 + i )^- 

With T constant, the integral becomes 

(H\ u ‘ a VRT c l + z%p l p * 

U)r/, 5«L"« l0geP 2z l ° Se l-zlp + bp ] Pl ' 

Substituting for H from (1) before applying the limits 

.. «(" + 1 ) C P. af> P , 7i _ 7f [oi r l)+ a W / 1 + S *P\ _ 

») + T + T 1<{isel± -2.k { * e \l-z 2 p) T 


T( 1 — z l p'“) 


a(n + 1 )cp a , 

— ;,\ + ;., 1 ok„ 
— 2 


/I +2 2 p\ 
\l-z 2 p} 


4- constant 


~ [ r< i - z-jr) ' -u- 


r 


By adding (6) and (10) we obtain tlie total change in (j), as 

<hPi _ 


$ - Sologejf °( n + [^(1 *-z\p\) r ■- lPl ~ 


(8) 

( 9 ) 


(10) 
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p v 2\ and ^> 1 are fixed, and the symbols with suffix 2 will, in general, appear 
without a suffix, whence 


T p a{n+ 1 ) 

-J— 


( 1-??) + 2J lo S* ( !--■§) + mmtM - 


• (H) 


Ex. Obtain the entropy of steam at 300 lb. per sq. in. if the dryness fraction is 0-8: 

(а) from the steam tables, 

(б) from the entropy diagram, 

(c from the equation log e +-y . 

<f> 3 at 100 lb. per sq. in. (Table I) = 1*6079 
<f> w at 100 lb. per sq. in. ("Cable I) = 0*4749 
4> l ; - 10330 

x(f>L = 08 x 1-113 = 0*9070 

<f> w * 0-4749 

^ s at 1001b. persq. in., 0*8dry, = 1*3819 

Alternatively (f> = (1 — x) <f>w+x<f> $ . 

From the T<j> diagram <p s = 1*38. 

. , , 437*5 0*8 x 495*7 

** ^ = log. 273 + 437-5 = 1 ’ 378 - 


Ex. Calculate the entropy of water at 164*28° C. (i.e. 100 lb. per sq. in.), using the 
equation 

</> — log* 273 ' 

Compare this result with that obtained by the exact expression which allows for 
variation in specific heat and steam in solution. 


. . /273 + 164 * 28 \ 

0* = log, I ^73 1 = 0*4709. 


Allowing for steam in solution, we have 




=0-9966x0-4709+ 


(0-01602 + 0-000042 x 42) 495-7 


(4-43-0-0178)437-5 
=0-469 + 0-00456 = 0 - 4736 . 


WHS 



162 


Entropy 


EXAMPLES 


1 * Total heat of steam from T<f> chart. 

By means of a T<j> diagram, find the amount of heat which must.be supplied to 60 lb. 
of water at 25° C. to convert it into steam at 165° C. and 0*9 dry. Aus. 29*250 C.H.1T. 

2. By means of Callendar’s revised tables plot, on the Stationery Office T<f> chart, the 
water, saturation and superheat lines. 


3. One pound of feed water at 50° C. is heated and becomes superheated steam at a 
temperature of 220° C. and at a pressure of 150 lb. per sq. in. Calculate the change of 
entropy, given that the mean specific heat of superheated steam over the superheat 
range is 048. Arts . 144. 


(Senior Whitworth.) 


4. The T(j> diagram supplied to you has the water line plotted from the equation 


T 

&W = 273 ■ 


Discuss the validity of this equation, and in view of the more general use 


of high-pressure steam, in what way would this curve show a modification if great 
accuracy is required ? 


5. Calculate the changes of entropy of 1 lb. mercury for the following operations: 
(a) heating liquid from 400 to 907° F., (b) evaporation to dry saturated vapour at 
1001b. per sq. in. abs. and (c) superheating at this pressure to 1000° F. Take data 
from the following table : 


Pressure abs. in 

Temperature 

Heat of liquid 

Latent Heat 

lb. per sq. in. 

o p 

B.T.U. 

B.T.U. 

0*398 

400 

12*1 

129-4 

80 

875 

28*1 

125-5 

100 

907 

29*2 

125*3 


Mean specific heat of superheated vapour 0*0247. 
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VARIOUS THERMODYNAMIC PROCESSES 
ON THE T<j> CHART 

1. Isothermal expansion (Constant pressure in the saturated region). 

During evaporation or condensation both pressure and temperature remain 
constant, so that on both the T<j> and pv diagrams the operation is represented 
by a horizontal straight line as in Fig. 58. On the T<f> diagram the heat supplied 
is represented by the hatched area, whilst the corresponding area on the pv 
di agram gives the work done. < 



t 


Fig, 58. Isothermal operation. 

If the expansion is extended into the superheated region the pressure must fall 
for an increase in 0 at constant temperature, the relation between pressure and 
volume then approximating to pv = c, which holds rigidly for the isothermal 
expansion of a perfect gas or the constant total heat expansion of a vapour. 

Note on pv and T<f> diagrams. It should be observed that in a T<j> diagram 
the temperature scale is uniform, whereas the pressure scale depends upon the 
temperature and is by no means uniform. It is therefore impossible to project 
pressures from the T<j> diagram on to a pv diagram, if the area of this diagram is 
to represent work. 

This faulty projection is used in the text merely to compare the cycles when 
plotted to different co-ordinates. 
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2. Constant volume expansion. 

If the volume remains constant during a temperature and pressure change no 
external work is done; so the pv diagram is a vertical line, and the T<p has the 
shape shown in Fig. 59. In this diagram the hatched area refers to expansion in 
the saturated field, whilst that with the crossed diagonals refers to the super- 
heated region. It should be observed that for a given increase in <f> more heat 
is supplied, and a higher temperature realised, than in the case of a constant 
pressure change, because c v <c p , and therefore the constant volume curve is 
steeper than the constant pressure curve (see equations (4) and (7), p. 186). 



Ex. In an old type of pumping engine dry saturated steam was supplied at a constant 
pressure of 30 lb. per sq. in. absolute throughout the stroke. Condensation then took 
place at constant volume until the pressure fell to 5 lb. per sq. in., after which the return 
stroke of the piston maintained the pressure constant at 5 lb. per sq. in. until conden- 
sation was complete. Show these operations on the Tj> diagram, and obtain the work 
done, the heat supplied and the heat rejected per lb. of steam. 

Total heat at 30 lb. per sq. in. dry = 647-5 C.H.U. 

Sensible heat at 5 lb. per sq. in. = 72-3 

Heat supplied = 575-2 

144 

Work done - (30 - 5) x — ^ x 13-72 = 35-3 

Heat rejected = 539-9 c.h.tj. 
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On the T<j> chart the work done is represented by the hatched area, and has a value 

5x 1-88 6-62- = 35-7 o.H.n. 



3. Constant total heat or throttling operation. 

In throttling, the pressure is dropped without doing external work, the released 
energy being frittered away as heat, so the process is irreversible, and as details of 


the state during expansion are, not 
known the operation cannot be repre- 
sented on a diagram. The best we 
can do is to indicate the initial and 
final states (a and c) on the chart by 
making use of the condition that the 
total heat before expansion is usually 
equal to the total heat after expansion; 
a dotted boundary then joins the two 
states. The curve is dotted because we 
can take no cognisance of the area abc 
subtended by the dotted line ac. 

From the expansions ab> be it will 
be appreciated that a throttling pro- 
cess is equivalent to a reversible 
adiabatic expansion ab followed by 



Fig. 61 . Throttling of a vapour. 
(Constant total heat operation.) 
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a constant pressure expansion, the kinetic energy developed during adiabatic ex- 
pansion being eventually dissipated as heat during the constant pressure process. 

In the superheated region the locus of the corner c of the area Odebcf , which 
represents the total heat at c', is again the total heat curve that passes through a' . 

Throttling at a turbine governor. 

To maintain precise speed regulation the control valve of a turbine governor 
causes a pressure drop of 10 %. If the initial state of the steam is 500 lb. per sq. in. 
absolute at 100° C. superheat, find the final state, and the gain in entropy of the 
steam. 

As this problem is outside the province of the commercial T<{> chart, we must 
solve it by another method. 

Using steam tables, 

Total heat at 500 lb. per sq. in., 100° C. superheat, is 739-2 c.h.tj. 

Allowing for a 10 % drop in pressure at constant total heat, the new pressure 
is 450 lb. per sq. in. and the superheat to give a total heat of 739-2 C.H.U. is, by 
interpolation in Table II, 

1 1 00° + x 20° j = 103 - 3 ° superheat. 

<f>„ at 450 lb. per sq. in. and 103-3° superheat = 1-6020 
$6, at 500 lb. per sq. in. and 100° superheat = 1-590 

Gain in entropy = 0-012 Ranks 


Reversible adiabatic operation (isentropic).* 


In an adiabatic operation no heat Q — as caloric heat — is transferred to the 
vapour from an external source, and therefore from the conservation of energy, 
p. 19, 


dQ — pdv + d( i.e.) = 0. 
Further, from the definition of entropy, d<fi = ^ . 


•( 1 ) 


Hence it follows from (1) that with dQ zero d<f> must also be zero. A reversible 
adiabatic operation therefore takes place at constant entropy, and the work done 
is proportional to the area between the constant volume lines through the initial 
and final state points. 

* At the present time the definition of an adiabatic operation appears to be rather vague. 

The late Prof. Ewing regarded it in its exact sense as strictly reversible, mechanical energy- 
being developed at the expense of internal energy. 

The tendency now is to regard this as a reversible adiabatic, whereas a throttling opera- 
tion is merely adiabatic. Frictional flow through a heat insulated nozzle is also adiabatic, 
but as it is irreversible it involves a change of entropy. The increase in $ is the unavailable 
energy divided by the lowest temperature imposed by external conditions. 

A reversible adiabatic is a quite unnecessary alternative to “isentropic”. 
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On the pv diagram the work is represented by the hatched area, the value of 
which may be computed from equation (1), thus: 

rv, ri.it., 

0 = pdv+ d( i . e .). .( 2 ) 

J Vl J I.E., 

These integrals were evaluated on p. 49 and gave 



Fig. 62. Adiabatic operation. 


For the vapour cycle it is usually simpler to evaluate the work done during 
expansion from the consideration of the change in internal energy, rather than 
from the pv diagram; since, except in the case of a superheated vapour, tho 
expansion index is variable. 

Work done during the adiabatic expansion of a wet vapour. 

From the definition of internal energy on p. 1 6, 


I.E.j “ Aj ~j— 


fhV*i 
f » 


I.B.j = h 2 + x 2 L 2 - ^j — . 
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In these two equations it is usual to find that the only unknown is x 2 , for the 
evaluation of which many methods are available, but all depend upon the con- 
dition that the entropy remains constant during an adiabatic operation. 


Method (1). Equating the initial entropy to the final, 


X 2 ^2 


T x x x L x , T 2 
l°g e 273 + ~ lo » c 273 + T 2 ‘ 

T.,r. T x x x L x I 
**• Xi ~'L^} 0 ge T % + ~t l \' 

This is known as the adiabatic equation. 


•( 1 ) 


Method (2). Using steam tables, where the only values of entropy tabulated 
are <j> K and <j> u „ we have 

<Ps = 9w + 9l- 
£& = &-&/>• 


Hence Initial <£ = (f> Wi + - <f> Wl )x v 

Final <f> = + (<f> 8i - <f> Wi ) x 2 . 

Equating gives 

&»-& »+(&,-&,,)* i _ 

2 (& a -?W <i>u 


Method (3), Gibbs’ function G. If we knew the total heat // 2 after expansion 
x t could be evaluated from the equation 

// 2 = h 2 + x 2 L 2 . 

Now I1 2 is represented by the dotted area in Fig. 62, and this is most easily 
obtained by subtracting from the rectangular area T 2 $ 8l the area of the black 
triangle, which is denoted by 0 2 , in honour of Willard Gibbs, who investigated 
the properties of this function in 1 875. Modern steam tables tabulate the value 
of 0 for various pressures, so that the computation is very simple, and sym- 
bolically is represented by 

II 2 = T 2 (J) 9i — 0 2 = h 2 -h x 2 L 2m 

• ™ __ ^2 $81 — (*2 — 

• • Z 2 *“ r • 

It should be observed, when using this equation, that it is ^ gl , not <j> H , that is 
employed for the determination of H 2 . This is a point where students frequently 
make mistakes. 


Method (4). The dryness fraction could be scaled directly from a T<j> or an H<j> 
chart (see pp. 155 and 183). 
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Method (5). The work done during adiabatic expansion is given by 


Pl X lV gl -P2^2 V s t 

y-i~ 


and y must be determined from the equation p 1 (a: 1 ?^ i )y = /> 2 0*V« a ) v - 
This method is most convenient for small pressure drops. 

(I.C.E. 1936.) 

Ex. By means of a T<f> diagram, find the total heat of 1 lb. of steam at 225 lb. per sq. in. 
and 0-97 dry. 

Find the final state at 20 lb. per sq. in. if \ 

(a) the pressure drop is obtained by / 225 Lb.perSq.InxV 

throttling, 

(b) the pressure drop is obtained by 
adiabatic expansion, 

(c) the pressure drop is obtained by 
constant volume expansion. 

From the T<f> diagram shown in Fig. 63 
the total heat at 0*97 dry is 

5[7*56 (12 - 10-7) + 5*97 (6*83 + 1 *07)] 

^ 649*5 c.h.u. 

By tables =^655 c.ii.tj. 

(а) Final state after throttling. In 
this case the areas with diagonals must be 
equal, and on satisfying this condition it 
will be found that the steam at 201b. per 
sq. in. is superheated to 136° C. Degree - 'S Z ss - SZSsz 

of superheat = 25*2. pjg ^ 

(б) Adiabatic condition = 0*84 dry. 

(c) Final state after constant volume condensation. The constant volume line 
through 225 lb. per sq. in. at 0*97 dry cuts the 20 lb. per sq. in. line at 0*1 dry. 



Ex. Adiabatic expansion and throttling of wet steam. (B.Sc. 1938.) 

Steam initially at a pressure of 200 lb. per sq. in. and dryness fraction 0*95 expands 
adiabatically to 100 lb. per sq. in. and is then throttled until it is just dry. Find, using 
the steam tables, 

(а) the external work done, per lb. of steam, during the adiabatic expansion, 

(б) the increase in entropy, per lb, of steam, during the throttling process. 


h at 200 lb. per sq. in. = 197*5 

xL at 200 lb. per sq. in. = 0*95 x 471*2 = 447*5 
H = 645*0 


<f> 8 at 200 lb. per sq. in. = 1*5525 
at 200 lb. per sq. in. — 0*5447 
<f> L = 1*0078 
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x<p L = 0-95 x 1-0078 = 0-9580 
<f>„ - 0-5447 
= 1-5027 

= 437-5 x 1-5027 = 658-0 
<7 B ' = 42-0 

H z = 616-0 


a.h.d. = (645-616) = 29c.h.u. 

<j> of dry steam having H = 616 is 1-9392 
0 initially = 1-5027 

Increase in <j) due to throttling = 0-4365 


<j> H at 100 lb. per sq. in. = 1 -6079 
<j) Wi at 100 lb. per sq. in. = 0-4749 
at 100 lb. per sq. in. = 1-1330 
= 1-5027 

<j> Wi at 100 lb. per sq. in. = 0-4749 
x 2 (p l% = 1-0278 


_ 1-0278 _ 
•' *• “1 1330“ 


0-907. 


1 65-8 + 495-7z a = 616. 


Difference in pressure energy 


initial pressure energy = — ~ x 20U x 0*95 x 2-293. 

1 4:Ol) 

144 

Final pressure energy = — ^ x 100 x 0-907 x 4-429. 


144 r A.aoq-i 

= U( ^ x 200 0-95 x 2-293 - 0-907 x = 3.5 c . H .u. 

Work done on adiabatic expansion = 29-3-5 = 25-5 c.H.u. 

The reader should solve t his example by other methods detailed on p. 168. 


Ex. Adiabatic compression of steam. (B.So. 1934.) 

Deduce an expression for the entropy of superheated steam reckoned from water 
at 0° C., and calculate the entropy of 1 lb. of steam at 3 lb. per sq. in. and dryness 0-89., 
If this steam is compressed adiabatically to 120 lb. per sq. in., calculate its tern- 
perature and total energy. Take the specific heat of superheated steam as 0-53. 

For the proof of <j>, = a log t ^+j 1 +S\og,^, see p. 154. 
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For wet steam at 3 lb. per sq. in.: 

& - 1 log. 273 + 333-9 - 1-7166 

<f> t at 120 lb. per sq. in. from tables = 1-5935 

T 

<j> due to superheat = 0-53 l°ge — 0-1220 
0122 

T = 444-9e 0 ' 53 , T = 542° C. absolute. 

Total heat of dry saturated steam 
at 120 lb. per sq. in. = 663-5 ; 

Heat to superheat = 0-53(542—444-9) = 51-5 * 

Total energy = 715-0 


o°M 


120 Lb. pc* Sq. In.. 


444* 9 ®C. Am. 


333^9^0. Abs._ 
3 Lb. pm Sq.In. 



This solution can be cheeked very readily 

by means of the T<f> diagram shown in Fig. 56. J 

| 

Ex. Hyperbolic and adiabatic expansion of steam. 


<t> 

Fig. 64. 


(B.Sc. 1935.) 


One cubic foot of steam at a pressure of 250 lb. per sq. in. and dryness 0*88 expands 
to 60 lb. per sq. in. Calculate the final dryness of the steam (a) if the expansion is hyper- 
bolic, and (b) if the expansion is adiabatic. 

If the latter is represented by the equation pv n = constant, find the value of n which 
satisfies the initial and final conditions. 

The quantity of steam docs not enter into the problem; but since entropy is employed 
in the solution we must consider unit mass. 

With hyperbolic expansion, pv = c. 

Specific volume at 250 lb. per sq. in. = 1*852 eu. ft. 

250 

Volume at end of hyperbolic expansion = 1 *852 x 0*88 x = 0*8. 

Specific volume at 60 lb. per sq. in. = 7*16. 


.% Dryness fraction = 


6*8 

7*16 


0948. 


Adiabatic expansion. 

Initial entropy: 

<f> w at 250 lb. per sq. in. = 0*569 

x<j>i at 250 lb. per sq. in. = 0*88 x 0*9652 = 0*850 


= 1*419 

<f> w at 60 lb. per sq. in. = 0*427 

x<f> L at 60 lb. per sq. in. = 0*992 

<p L at 60 lb. per sq. in. == 1*2206 


x 


0*992 

1*2206 


081. 
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Final volume of the steam = 0-81 x 7-162 = 5-81, 


and since 


A®? “A* 5 > 



or 


kg* 
, V 2 


n = 1*12. 


log 


25° 

60 


logi 


5*81 # 


1-63 


EXAMPLES OX ENTROPY OF VAPOURS 

1. Construction of constant volume and constant dryness lines. (I.M.E.) 

Explain the term entropy and show by means of sketches how the lines of constant 
volume and constant wetness can be drawn on a T<j> chart for water and steam. 

Steam at 40 11). per sq. in. and dryness 0*9 is expanded at constant volume down to 
16 lb. per sq. in. Determine the dryness of the steam at the end of the process. 

Ans. 0*36. 

2. Adiabatic and constant volume expansion. (B.Sc.) 

Steam at 130 lb. per sq. in. and 96 % dry expands adiabatically to 50 lb. per sq. in,, 

after which it is condensed at constant volume until its pressure becomes 5 lb. per sq. in. 
Determine the dryness of the steam in its final state. Ans. 0*105. 

3. Throttling. (B.Sc. 1926.) 

Define the term “Total heat” of a fluid and prove that this quantity does not change 
during a throttling process. 

Steam after throttling has a pressure of 15 lb. per sq. in. absolute and a temperature 
of 150° (\ If the pressure of the steam before throttling was 200 lb. per sq. in. absolute, 
find its dryness fraction. 

What is the minimum dryness fraction which may be determined by means of 
a throttling calorimeter if the steam is throttled from 200 lb. per sq. in. absolute to 
15 lb. per sq. in. absolute? Ans . 0*988; 0*936. 

Hint. For a throttling calorimeter to operate it is imperative that the steam is super- 
heated after expansion; hence the initial total heat must exceed the total heat of dry 
saturated steam at the lower pressure. 

4. Mark with letter A the point on the entropy chart which shows 1 lb. of steam at 

150 lb. per sq. in. absolute superheated to 210° C. Find from the diagram the dryness 
of the steam after it expands adiabatically from A to a pressure of 1 lb. per sq. in., and 
find the volume of steam in the final state. Ans . 6*79 ; 250 cu. ft. 

5. Read off from the T<f> diagram the entropy of 1 lb. of water and of saturated steam 

at 180° C. Find also the entropy of 1 lb. of wet steam at 150° C. when 70 % is steam and 
30 % water. If it expands adiabatically until the temperature is 140° C., what percen- 
tage is now wator? Ans . 0*504; 1*57; 1*27; 31 %. 

6 • One pound of dry steam initially at 100 lb, per sq. in. absolute expands adiabatically. 
Calculate the dryness when the pressure has fallen to (a) 50 lb. per sq. in., (b) 26 lb. per 
sq* m* Ans. (a) 0*955; (5) 0*922. 
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7. Steam at a pressure of 40 lb. per sq. in. has 50° C. of superheat. The steam expands 
adiabatically until it becomes just saturated. What will then be its pressure ? 

If pv n = constant is true for this expansion, find the value of n. 

Am. Final pressure = 19'0 lb. per sq. in. ; n = 1*32. 

Note. Volume of 1 lb. of the superheated steam at 40 lb. per sq. in. and 
50°C. = 1 1*96 cu. ft. Volume of 1 lb. of saturated steam at 19 lb. per sq. in. = 21 cu. ft. 

(Senior Whitworth.) 

8. One pound of steam has a dryness fraction of 0-75 and pressure of 100 lb. per sq. in. 
It expands in a cylinder until it is just dry and the analysis of the expansion gives 
pv = constant. Plot the expansion line on a T<J> diagram and find the heat exchange 
with the cylinder walls during expansion. Find the amount of useful work this heat is 
responsible for and also the thermal efficiency of the operation. 

A ns. 248*5 O.H.U. per lb. ; 34 c.H.u. per lb.; 13-7 %. 
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VAPOUR CYCLES 

(1) The Carnot cycle. 

The Carnot cycle described on p. 66, when applied to a wet vapour, consists 
of two constant pressure operations, and two adiabatics which are merely 
responsible for a change in thermal potential (see Pig. 65). 

The heat supplied at temperature T x is x x <fi Li T x per lb. 

The heat rejected at temperature T t is x x <p Li T 2 per lb. 



The work done is represented by the hatched area and is equal to (T x — T 2 ) 

Thermal efficiency rj = * 

*i x t 9 l x *1 

as for a perfect gas. 

Although the cycle is thermodynamically simple, yet it is extremely diffi cult 
to realise in practice, because the isothermal compression must be stopped at d, 
so that subsequent adiabatic compression restores the fluid to its initial state <*. 

If superheated steam were used the cycle would be still more difficult to realise, 
owing to the necessity of supplying the superheat at constant temperature instead 
of constant pressure, as is customary. In a practical cycle, limits of pressure and 
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volume are far more easily realised than limits of temperature, so that at present 
no practical engine operates on the Carnot cycle, although all modern cycles 
aspire to it. 

(2) The Rankine cycle. 

In steam plant the supply and rejection of heat is more easily performed at 
constant pressure than at constant temperature; and although engines have 
operated on this principle since the time of Watt, yet it was not until 1854 that 
an attempt was made by Rankine to calculate the maximum possible work that 
could be developed by an engine using dry saturated steam between the pressure 
limits of the boiler and the condenser. Two years later Clausius developed a more 
general expression for the maximum thermal efficiency of a steam engine by 
allowing for the steam being wet initially. 

Except for the adiabatic compression aid on the Carnot cycle (Fig. 05) the 
Rankine and Carnot cycles are identical. - 

In the Rankine cycle we commence with liquid at the lower temperature and 
pressure, T z , p % (see point a in Fig. 60). The pressure of the liquid is then raised 
to p x by adiabatic compression ab in the feed pump. The increase in temperature 
consequent on this compression may be of the order of a few degrees Centigrade, 
and is represented by ab on the 1\'> chart (Fig. 60), the equivalent work being 
represented by (abgfi) on the pv diagram. 

From b to c the liquid receives sensible heat at constant pressure p t to be 
followed by evaporation, which may be partial at d, or complete at d v or frequently 
a superheat is imparted to raise the temperature at constant pressure to T m 
(which is located by point d 2 ). From d, d 1 or d z the vapour expands adiabatically 
to e, e 1 or e 2 , the expansion curve on the pv diagram being discontinuous at / 
because of the change from the superheated to the wet state. 

The last operation is condensation at constant temperature and pressure 
(i.e. isothermal compression) until the fluid is returned to its original state at a. 

The hatched areas on both diagrams represent the work done on this closed 
cycle. 

Approximate expression for the work done on the Rankine cycle. 

Even at the present time the majority of vapour engines using steam still have 
the* maximum pressure p 1 far removed from the critical; so that the triangular 
strip abc, in the liquid field, is too small to merit consideration. 

Using this approximation the work done is equal to the total heat at d, d x or d 2 
minus the total heat at e, e 1 or e 2 . Since these heats must be measured at constant 
entropy the methods detailed on p. 168 for obtaining the dryness fraction after 
an adiabatic expansion may be employed for obtaining the work done on the 
whole cycle, and are probably best illustrated by an example. 

Ex. Obtain the thermal efficiency of an engine operating on the Rankine cycle when 
receiving dry saturated steam at 200 lb. per Bq. in. and expanding it to 4 lb. per sq. in. 
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Method (1). To obtain the final dryness fraction x 2 we have, by equation (1), p. 168, 

(i > 


and substituting the appropriate values from steam tables in (1) gives 


_ 340-3 
X 2 ~ 558 : 3 



467*4 471*21 
340*3 + 467*4 J 


0*81. 


J/j at 200 lb. dry = 668*6 

h 2 at 4 lb. = 67*1 

Heat supplied per lb. = 601*5 

Heat rejected = x 2 L 2 = 0*81 x 558*3 = 452*0 
Work done = 149*5 


Method (2). 


149*5 

Rankine efficiency = = 24*85 %. 


<p 8 at 200 lb. per sq. in. = 1*5525 


<f> w at 4 lb. per sq. in. = 0*2197 
x 2 (j> h = 1*3328 

<p 8 at 4 lb. per sq. in. = 1*8600 
<J> W at 4 lb. per sq. in. = 0*2197 
<Pl 2 = 1*6403 


*2<t>L t = 1*3328 
2 ~4> l% 1*6403 


0*811. 


The remainder of the calculation is as for method (1). 


Method (3), using Gibbs’ function. Of all the methods which involve the use 
of tables this is by far the simplest. 

H 1 at 200 lb. per sq. in. = 668*6 

T 2 <t> 8i = 340*3 x 1*5525 = 529*0 

G 2 = 7*6 

H 2 measured at <f> t = {T 2 <f> h — 0 2 ) =521*4 

Work done on cycle = (H t - H 2 )^ C0I)8t . = 147-2 

Rankine efficiency = — ^ V f = 24-5 %. 


Method (4), using the pressure -volume diagram. Unless a chart is available 
from which the specific volumes, corresponding to the initial and final states, can be 
scaled directly, this is the least convenient of all the methods, but may have to be used 
for small heat drops. 
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The work done during the isothermal expansion = = p l v 1 . 


Pi e* 


Work done during adiabatic expansion = 


PtVt _ PlVl~P2 V 2 
“ w-1 * 


Negative work done on isothermal compression 



= p2*V 


Network W = _p 8 v a . 

Ti — 1 



Fig. 67 . The Kankine cycle on the pv diagram. 


Bringing on to a common denominator, this becomes 


n 

n— 1 


[p l v l -p 2 v. i \ 


n-1 

n I (p 2 \ n 

= — ,Px»i I— |- I 

»-l L W 


In the problem p 1? p 2 all d are known, and w can be determined from the dryness 


fraction thus: 


P i(v 8t Zi) n = P 2 K^) n > 



Pi 

Pa’ 


/. » 


lo gPi/Pa 



, 200 

log 4 _ 1-699 

, 90-64x0-81 1-5051 

log — F293“ 


Work done = 


1-127 200x144 x 2-293 
(Tl27 X 1400 


0 127 

l-w™] 


1*127. 


149*3 o.h.u. 


WHE 


12 
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Method (5). By use of a Mollier, or Total heat chart (see p. 182), the heat drop, 
equivalent to the total work done on the whole cycle, may be scaled off as a length. 

This is the simplest method of all, and is generally used in design work. 

Properties of a working fluid that will allow an engine operating on 
the Rankine cycle to have an efficiency approaching that of the 
Carnot when working between the same limits of temperature. 

Referring to Fig. 68 it will be seen that the Rankine and Carnot cycles would be 
identical if the hatched area were zero. This implies that the fluid must have a 
small sensible heat or a very large latent 
heat, so as to render the sensible heat negli- 
gible in comparison. 

The reduction in latent heat of a fluid — 
with an increase in temperature — means 
that the cycles depart farther and farther 
from each other as the temperature range 
is increased: for this reason large modern 
high-pressure plants operate on a modified 
Rankine cycle (see p. 477). 

In practice, the fluid which has the highest 
saturation temperature for the lowest pres- 
sure is the most desirable: particularly if the 
critical temperature is very high as in the 
case of mercury, 2000° F. against 705° F. for 
water. At 705° F. the pressure of steam is 
3200 lb. per sq. in., whilst that of mercury 
vapour is only 20 lb. per sq. in. absolute. 68 - 

Organs of an engine that operates on the Rankine vapour cycle. 

Theoretically a cylinder with heating and cooling elements as shown in Fig. 1 7 
for the Carnot cycle would suffice, but in practice the heat interchanges with the 
metal of the cylinders and heaters, during evaporation and condensation, would 
cause such large thermal losses as to render the engine very inefficient. There 
would also be the difficulty of providing sufficient surface to produce such a rate 
of heat flow that the engine could run at a reasonable speed. 

These considerations led to the introduction of a separate boiler and condenser 
(see Figs. 69 and 70). 

The modified Rankine cycle. 

To utilise, on the Rankine cycle, the full expansion ratio permitted by nature* 
would involve, with steam, such a low terminal pressure that the cylinder of a 
reciprocating engine would become voluminous, and the work lost in friction 
would exceed the energy gained from the protracted expansion. 

* Nature provides the sink to which heat is rejected. 
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Fig. 70 . Organs of the Rankin© vapour cycle. 
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To avoid this loss, therefore, and also to cheapen the engine, it is customary to 
stop the expansion at a pressure p 2 which is just greater than that to overcome 
friction, and to complete the expansion down to the terminal pressure by ex- 
panding at constant volume. To use Mr Wiltons’ words, we cut off the toe of the 
Rankine diagram, and are left with the area in red as the useful work. This area 
is easily obtained by scaling the dotted area from a T<j> chart and subtracting it 
from the Rankine work for temperature limits T x to T 3 . 

EXAMPLES ON VAPOUR CYCLES 

1 . Find the efficiency of an engine operating on the Rankine cycle between 100 and 
15 lb. per sq. in. absolute when 

(а) the steam lias a dryness fraction of 0*8; 

(б) the steam is dry and saturated; 

\c) the steam is superheated to 350° C. Ans. (a) 13-6%; (6) 13*9%; (c) 15*9%. 

2. Steam, having a dryness of 0*8 at 150 lb. per sq. in., expands adiabatically to 40 lb. 
per sq. in., after which it is condensed at constant volume to 5 lb. per sq. in. The cycle 
is then completed by isothermal compression of the steam into water which is sub- 
sequently evaporated at 150 lb. per sq. in. Show this cycle on the T<f> diagram, and obtain 
the work done per lb. of steam and the efficiency of the cycle. 

Ans. 74-9 c.n.tr.; 15%. 
(Whitworth 1925.) 

3. A steam turbine of 70 % relative efficiency works between temperatures of 150° 
and 60° C. Give the amount of useful work obtained from the turbine if the steam is 
just dry and saturated at the commencement of expansion. 

Which will be theoretically more efficient, to work to a lower limit 50° C., or to super- 
heat from 150° to 250° C. before admission to the turbine? Give the work done in each 
case. 

Ans . Rankine efficiency, 19*9%; Useful work per lb. of steam, 116,500 ft.-lb. 
Working to lower temperature limit : Efficiency, 21 -8 % ; Work, 129,700 ft.-lb. Working 
with 100° C. superheat : Efficiency, 20-77 % ; Work, 131,100 ft.-lb. 

(B.Sc. 1924.) 

4. Sketch the pv and T<j> diagrams for the Rankine cycle. Determine the Rankine 
efficiency of an engine working between 100 and 5 lb. per sq. in. supplied with saturated 
steam. 

By what percentage is the efficiency increased by superheating 100° C. ? 

What effect would superheating have on the efficiency ratio of an actual steam engine, 
and what are the reasons for this effect ? 

Ans. 19-95 % ; 20-55 % ; Percentage increase, 3. 

(B.Sc. 1921.) 

5. A steam engine working between pressures of 100 lb. per sq. in. and 3 lb. per sq. in. 
uses 18 lb. of dry saturated steam per i.h.p. hour. Estimate its therm al efficiency. 
Determine also its efficiency using (a) the Carnot cycle, ( b ) the Rankine cycle. 

Ans. 13%; 23*7%; 21*9%. 
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(B.Sc. 1931.) 

6. Explain clearly with the aid of diagrams what you understand by the Rankine cycle. 
A turbine is supplied with steam at 180 lb. per sq. in. and 280° C. and exhausts into 

a condenser where the vacuum is 28*6 in. of mercury with a barometer reading 30*3 in. 
Assuming an efficiency ratio of 0*65, find the steam consumption in lb. per B.H.r. hour. 

Ans . 10*47 lb. 

(B.Sc. 1933.) 

7 . Explain why the Rankine cycle, rather than the Carnot cycle, is used as the standard 
of reference of the performance of steam engine^. 

In a steam engine plant, the steam supply is at 180 lb. per sq. in. and dry saturated. 
The condenser pressure is 3 lb. per sq. in. Calcu|ate the Carnot and Rankine efficiencies 
of this engine. i 

The efficiency ratio of this engine is 60 % anjd mechanical efficiency = 90 %. Select 
a suitable boiler efficiency, and estimate the probable overall efficiency from coal to 
brake. Ans. 27*8 % ;|25*3 % ; 8*9 % ; Boiler efficiency, 65 % . 

8. Steam is supplied to an engine at a pressing of 150 lb. per sq. in. absolute and the 
exhaust temperature is 50° C. The engine uses |7 lb. of steam per i.h.p. hour. Draw the 
T<f> diagram for the Rankine cycle ; and determine the absolute, and the relative, thermal 
efficiency of the engine. (Feed temperature = 50° C.) 

Ans. Absolute efficiency, 26*35%; Relative efficiency, 52%. 

(B.Sc. 1937.) 

9. Describe, with the aid of sketches, the Rankine cycle, and explain why this is 
adopted for steam in preference to the Carnot cycle. 

The steam supplied to a turbine is at a pressure of 200 lb. per sq. in., superheated to 
260° C. s and the pressure in the condenser is 0*85 lb. per sq. in. If the steam consumption 
is 11 lb. per b.h.p. hour, express the efficiency as a percentage of the Rankine cycle 
efficiency. Ans. 63 % . 

(B.Sc. 1936.) 

10 . One pound of steam at 250 lb. per sq. in. and 0*95 dry expands adiabatically to 

2 lb. per sq. in. Using the steam tables, determine the work done per 1 lb. of steam 
on the Rankine cycle between the above limits, and also the workdone during adiabatic 
expansion. Ans. 168*2 c.h.u. ; 149*8 c.h.u. 

(Junior Whitworth 1936.) 

11 . It is desired to investigate the possibility of using a fluid other than water as the 
working substance in a heat engine plant. State the properties necessary in such a fluid 
and the tests which you would apply to a sample submitted. 

What fluid other than water has been used on a commercial scale in a power plant? 
What property would you look for in a fluid for use in a heat engine plant which com- 
prises a turbine, which you would not consider to be necessary in a plant which com- 
prises reciprocating engines? 

Ans. High latent heat, high saturation temperature, but medium pressure. Good 
conductivity; chemical and physical stability, and the fluid should not attack ordinary 
engineering materials. Mercury. The specific volume should not be abnormally small 
at the high-pressure end of the turbine nor unduly large at the low-pressure end, and 
expansion should not cause the vapour to become unduly wet. 



182 Entropy 

The total heat entropy or Mollier diagram. 

All steam engines, whether reciprocators or turbines, operate on a Rankine 
, cycle, which is slightly modified, because the expansion cannot be precisely 
adiabatic, and may he incomplete. For provisional design, however, we can 
consider the Rankine cycle is followed, and since the work done on this cycle is 
the difference between the final and initial total heats, subject to the condition 
that these heats are measured at constant entropy, it would appear that a 
chart which co-ordinates total heat and entropy would be very valuable for 
giving a rapid solution to problems connected with steam engines or refrigerators. 

It was in 1 904 that Dr Mollier conceived the idea of plotting total heat against 
entropy, and his diagram is used more widely than any other entropy diagram, 
since the work done on vapour cycles can be scaled from this diagram directly 
as a length; whereas on the T<j> diagram it is represented by an area. 

Plotting the H<f> diagram. 

From steam tables both the total heat and entropy of water and steam, for 
any particular pressure, can be obtained, and on plotting these heats against <f> 
two points 1 and 2, Fig. 72, result, which define the ends of a constant pressure 
line in the wet region. 

Now since the total heat of wet steam is given by H = T(j) s — G, and for any 
particular pressure T and 0 are constants, then a linear relation exists between 
H and <f> a over the wet region; hence the join of 1, 2 defines a constant pressure 
line, the ends of which he on the boundary between the liquid, superheat, and wet 
regions. 

Now since the vertical intercept of the line 1, 2 represents the latent heat L, 
then subdivision of 1, 2 into ten equal parts will give dryness fractions of 0*1, 
0-2, ..., 0-9, and by dividing all constant pressure lines in these proportions and 
joining the corresponding points, a system of constant dryness lines will result. 

In the superheat region the constant dryness lines are replaced by isotherms, 
which become almost straight, for high degrees of superheat, whilst the constant 
pressure lines in this region are always curved. 

Fig. 72 shows the complete H<j> diagram for water and steam. 

With a view to employing a large scale on a chart of moderate dimensions, 
published charts deal only with the total heat and entropy of steam for the 
pressures commonly met in practice. 

The Rankine cycle on the H<f> chart. 

Neglecting the work done by the feed pump the closed figure a 126c, shown ini 
yellow in Fig. 72, represents the complete Rankine cycle where the steam is 
superheated to 400° C. and the feed is at about 60° C. The line a 1 represents the 
supply of sensible heat, 1 , 2 that of latent heat, and 2b that of superheat. From b 
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Fig. 72. H<f> diagram for ft vapour. 
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the steam expands adiabatically to c, and since 6c represents, to scale, the 
difference in total heats, i.e. the adiabatic heat drop (a.h.d.), when measured at 
the same value of 0, then be must also represent the work done on the whole 
cycle, not merely that due to adiabatic expansion (see p. 167). 

The efficiency of the cycle is given by bc/bd, and since the only important 
quantities that are connected with this cycle are heat drop and efficiency, then 
the yellow area has no significance, and therefore the 11$ chart need not be large 
enotigh to include it. The sensible heat being obtained from steam tables. 

Throttling operation on an H<f> chart. | 

During throttling the total heat remains|constant; so this operation is repre- 
sented on the H<j> diagram by a horizontal k 
straight line (see Fig. 73). 

Polytropic expansion. 

Owing to friction the expansion in 
most turbines is intermediate between 
a throttling operation and an adiabatic 
expansion, and therefore it is represented 
on the H(f> chart by a curved line. This 
curved line ab, Fig. 73, may be regarded » 
as the result of an adiabatic expansion, 
oc, which is followed by reheating, c6, at 
constant pressure; so that the efficiency 
ratio of the operation is ad lac. 

Ex. On the use of the Mollier diagram. 

One pound of steam at 250 lb. per sq. in. 
absolute and 0*95 dry expands adiabatically 
to 2 lb. per sq. in. absolute. Using the H<fi 
chart, obtain the work done during adiabatic 
expansion, the work done on the Rankine cycle, and the reheated condition of the 
steam if the relative efficiency is 70 %. 

The cycle is shown in Fig. 74, from which the adiabatic heat drop = 171 o.h.t;. and 
the final condition of the steam is 0*7502. 

Now 171 o.H.u. is the work done on the Rankine cycle between states 1 and 2, whereas 
the work done on adiabatic expansion alone is the difference of the internal energies 

Adiabatic work = £(£^-17,,)- j (,?>*»!— 

- [ m -j$5o < 250 x 0-95 x 1-852 - 2 x 0-75 x 173-5) J = 152-6 o.h.tt. 
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The heat drop utilised = 0-7 x 171 = 120 O.H.U.; the remainder goes to reheat the 
steam to a condition of 0-84 dry (see Fig. 74). 


Ex. A turbo feed pump receives steam from the main turbines at 250 lb. per sq. in. and 
50° C. superheat, but throttling reduces this to 230 lb. per sq. in. in the nozzle box itself. 
If with an exhaust pressure of 10 lb. per sq. in. absolute the relative efficiency of the 
turbine is 05 % and a radiation loss of 10 c.H.u. per lb. of steam occurs just prior to 
the nozzle, show the cycle on an H<f> chart and obtain the overall efficiency and that 
relative to the total adiabatic heat drop. 

85*8 

From Fig. 75 the overall efficiency = == ^ %• 


85*8 

Efficiency relative to the total adiabatic heat drop = = 62-6 %. 

lo7 


H 



H 



Fig. 75. 


EXAMPLES ON THE USE OF THE MOLLIER DIAGRAM 

1 . One pound of steam at 120 lb. per sq. in. absolute and 0*9 dry expands to 5 lb. per 
sq. in, absolute. Find the work done on adiabatic and hyperbolic expansion, and also 
the heat flow through the cylinder walls. 

Ana. Work done, 132*0 c.H.u.; Heat flow, 169*8, 98, 0. 

(I.M.E.) 

2 • Steam at 190 lb. per sq. in. absolute and 110° C. superheat is throttled to 120 lb. per 
sq. in., and is then expanded adiabatically to 50 lb. per sq. in. Determine the tem- 
perature of the steam after throttling and after expansion. Ana . 298° C. ; 193° C. 

3. Show that when superheated steam is throttled its temperature falls, whereas 
throttling dries wet steam. What is the practical advantage of this in turbine glands? 

4 . Obtain an expression for heat drop in terms of the initial pressure and volume and 
pressure ratio when steam expands from p x v 1 according to the law pv n ■* constant. 
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Hence find the heat drop per lb. where dry saturated steam expands from 250 to 
0*2 lb. per sq. in., given that the adiabatic index suiting these conditions is M17. Com- 
pare this value with the heat drop obtained from the H<f> chart and also from the steam 
tables. (Temperature at 0-2 lb. = 284*8° C. absolute; 0 = 0*2.) Ana. 230 c.h.u. 

(B.Sc. 1936.) 

5. Steam from a boiler at 300 lb. per sq. in. pressure, and temperature 275° C., passes 
along a pipe to a reducing valve, where the steam is throttled down* to 1001b. per sq. in. ; 
the temperature leaving the reducing valve is 175° C. The steam then passes along a 
second pipe to an engine, where the dryness fraction is measured by passing a sample 
through a throttling calorimeter. The reading at exit from the calorimeter are 15 lb. 
per sq. in. pressure, and temperature 110° C. Ifhe steam as it passes along the pipes is 
losing heat to the walls, but it may be assumed that in the reducing valve and calori- 
meter there are no heat losses. Make a careful Sketch of the portion of the Total energy - 
Entropy chart involved, and indicate the processes passed through by the steam. 

Determine from the chart | 

(а) the dryness fraction of the steam before passing the reducing valve; 

(б) the dryness fraction of the steam supplied to the engine; 

(c) the total heat loss from both steam pipes per lb. of steam. 



Fig. 70. 

Ana. (a) 0*99; (6) 0*966; (c) 65 o.h.u. 

(B.Sc. 1940.) 

6. In a steam power plant the initial pressure and temperature of the steam are 400 lb. 
per sq. in. and 320° C. respectively, and the exhaust pressure is 1*0 lb. per sq. in. After 
expansion to 150 lb. per sq. in. the steam is reheated to 250° C., and after further 
expansion to 60 lb. per sq. in. it is again reheated to 200° C. Indicate, by a sketch of the 
total heat-entropy diagram, the various stages of the cycle, and calculate the ideal 
efficiency. 

Compare this result with the efficiency of the Rankine cycle for the same initial and 
final pressures, and mention any practical points for and against the reheating cycle. 

Ans. 33*8%; 34%. 
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The change in 0 when a gas is compressed according to the law pv n = e is given by 


Also 


n— 1 

T 2 _ /p 2 \ » 

7'l W \*V 


Tjj = 373 x 6 0-36 : 


700° C. 

p 2 = 14 x 6 1 * 36 = 158-3 lb. per sq. in. 

Ts= ll^3 X 700 = 1766 ° C - 

= 0-18(1-38- 1-35) log. £ = -0-00968. 

During combustion the volume remains constant and the change in 0 is given by 

To 


0 3 -02 - G v \ eg, ;/ = 0-18 log, ^ = +0-1666. 


1766 

700 


800 Lb. per Sq. In. 


(B.So. 1937.; 

Ex. The air in the cylinder of an internal combustion engine at the beginning of the 
compression stroke occupies 2-5 cu. ft., the pressure is 15 lb. per sq. in., and the tem- 
perature is 100° C. It is compressed to 02 cu. ft., and the pressure is then 400 lb. pei 
sq. in. Heat is now added at constant volume until the 
pressure reaches 800 lb. per sq. in. Find the change of |@ 
entropy during each operation, and state whether it is 
an increase or decrease. 

Assume that the specific heats of air remain constant, 

and C v = 0-238, C v = 0-169. I I 400 Lb. per S 9 . In. 

* 1 1 0-2 Cu. Ft. 


15 Lb. per Sq.In, 
2-5 Cu.Fi 
373°C. 


The change in <j> during compression 


= log, 7 * per lb. of air. 

Also 

„ „ 400 /2-6\ n 

Pi*-**’ T5 = \0-2/ * 

whence 

OQQ 

n=bS, y = |g= 1-407, R = 


pv = wRT. Mass of air = - 

Also 

Pl V l_P*»2 . T x 

T x T % ' * • T\ 4 

Change in 0 during compression 


- 0-16 x0-169(^Zj log. 



Fig. 77. 


373 x 96-6 


400 x 0-2 213 ’ 


= 0-15 lb. 
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During the oonstant volume operation 


08-08 = c J°S,Tp- - C v \ogJ^ per lb, 

1 * Pt 

OAA 

- 0169x0151og e ^= +0 0175 . 

400 

Ex. Mixture of gases. (B.Sc. 1938.) 

A mixture consisting of 1 volume of C0 2 to 4 volumes of N a occupies 4 cu. ft. at J5 lb. 
per sq. in. and 20° C. If it is then compressed to 100 lb. per sq. in., according to the law 
pv 115 = c, find its final temperature and its change in entropy. 

The volumetric heat for C0 2 = 7*3. The volumetric heat for N 2 = 5*0. The difference 
in volumetric heats = 1*98. 4 ' 

0 15 

-£-(*) “ ■ ■■ ‘♦(ST -*»«•«■ 

The change of <f> per mol of gas when compressed according to pv n is given by 




Volumetric 

analysis 

%v 

Molecular 

weight 

M 

K v 

%vM 

%vK v 

1/5 

44 

7*3 

8*81 

1-450 

4/5 

28 

50 

22*40 

4-000 




31*21 

5-46 

1-98 


- 7*44 


136 

n = 1*15 
- y—n — 0-21 


Change in <f> per mol = x 5-46 log, = — 1 -888. 
Volume of gas at n.t.p. = 4 x x == 3-806 ou. ft. 


Fraction of a mol 


358 

= -0 02 . 


- 0-01063. 


Change in 0 ===— 0-02. 

Temperature entropy diagram for a gas. 

The three variables 0, T, p or 0, T, v of the previous equations may be plotted 
in the T0 plane by keeping p or v constant, thus: 

With p constant, equation (7), p. 186, becomes 

0 relative to 0° C. = lo & if 7j • 


( 1 ) 
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Selecting values of p a = 14‘7, 2 x 14*7, 4x 14 - 7, etc., j hocomes loggl, 

10 ^ 2 , log,. 2x2, etc., and the result of varying T a is a family of curves, the 
horizontal distance between which, at the same temperature level, is constant. 



By (1), the equation to the first curve is 

^ = Cploge^ + 0. 

T R 

The second curve is tj> = C p log 4 — — ~ log^ 2. 

273 J 

The third curve is - C p log e ^-2^log e 2, 

and so on. The deducted term causes the curves to move to the left (see Fig. 78); 

To obtain the constant volume curves a similar procedure is adopted, the*' 
ratio vjv x in equation (4), p. 186 being taken as 1, 2, 4, 8, etc. and J, J, etc. f* 
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The pound molecule T<f> diagram. 

When a number of gases have to be dealt with, the use of one pound as a unit 
on which to calculate <f> would involve the construction of separate diagrams for 
each gas, because of the changes in C p and C v for each gas. Had the “mol” been 
adopted as the unit, then the constancy of volumetric heats for all gases having 
the same number of atoms per molecule would enable one chart to be used — to 
a fair degree of approximation — over normal temperature ranges. 

For a diatomic gas, C p in equation (7),jp. 186, is replaced by 7 and C v in (4) 
by 6, whilst B/J — 1-985. Substituting these values in the appropriate equations 
gives the change in <j> per mol. j 

More precise values of C p and C„ are f 

c p = e-s+o-ooossT, 

C v = 4-81 + o|d00552\ 

j 

Principal changes in state of gases otf the T<f> diagram. (1) Isothermal 
expansion (Constant temperature). 

If the temperature remains constant during a pressure volume change the 
operation is represented by a horizontal straight line on the T<p diagram, and a 
hyperbola on the pv diagram. 



Fig. 79. Isothermal operation. 
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Now since the temperature remains constant there is no gain in internal energy, 
and therefore 

Heat added = J Td<j> = Work done 

P2 

Change in <}> = 1 ) = - j loge ^ • 

(2) Constant volume operation. 

If the operation takes place at constant volume no external work is done, the 
whole of the heat supplied, C v (T a -3\), going to increase the store of internal 

energy. T 

The change in <}> = (0 2 _ 0i) — ~ 



Fig. 80. Constant volume operation. 

(3) Constant pressure operation. 

The heat supplied during a constant pressure change may be divided into two 
parts: 

(i) That which does external work. 
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(ii) That which increases the store of internal energy. 

The work done = ~ (« 2 - v x ) = ( C p - C„) (T 2 - Tj). 

rp ^ 

The change in <f> = C p log, J = C p log e A 

1 X tj 



(4) Constant entropy operation (isentropic). 

In this operation no heat Q is added from an external source, 


d<j> - 



On the T<j> chart, Fig. 82, therefore, the operation is represented by a vertical 
straight line, which, although it does not subtend an area, yet the work done 
may be represented on the T<f> diagram by subtracting the final internal energy 
DEC from the initial energy ABC , i.e. the work = ABED or, since the constant 
volume curves are parallel, Area DEC = AFQ, and therefore the work is also 
represented by the hatched area of both T<j> and pv diagrams. 


whs 


*3 






94 
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(5) Polytropic expansion, pv H . 

In practice, expansions and compressions follow the law pv n = c, where n has 
a value intermediate between 1 and y; so the curve which represents this opera- 
tion, on the T<p diagram, lies in the area bounded by an isothermal and an 
adiabatic through point (1), Fig. 83. 

The change in <j> due to polytropic expansion is given by equation (3), p. 187, 
thus: iv- n \ T 

By varying the ratio TJT 2 the expansion curve may be plotted on the T<j> 

diagram. i 

I 

Ex. Polytropic and constant pressure compression. (B.Sc. 1934.) 

Derive expressions for the change in entr<$py per lb. of gas when being compressed 
(a) according to pv n = c; ( b ) at constant pressure. 

Compressed air at 120 lb. per sq. in. and it 20° C. 
is supplied to an air motor. It passes first through 
a preheater, which raises the temperature to 77° C. 

The index of expansion in the motor is 1*3, the ratio 
of expansion being 4:1. (0^ = 017; C p » 0*238.) 

Find per lb. of air (a) the increase in entropy in the 
preheater; (b) the decrease during expansion. 

See p. 186 for proofs. 


(a) 


(b) 




Increase in <j> in preheater 
350 


— 0-238 log. 


293 


0 04235. 


Increase in <f> during expansion 


= 0-17 


(^) 


log,^ 13 - 1 ) = 0-02354. 



Throttling of a gas. 

Throttling operations cause beginners considerable difficulty, because, in 
common with adiabatic operations, there is no interchange of heat with an 
external source, but with a reversible adiabatic operation the entropy remains 
constant, whereas throttling increases entropy. 

To understand this apparent paradox, consider a cylinder made from heat- 
insulating material, and fitted with two pistons, between which is placed an 
orifice. 


13-2 
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Let piston (1) move inwards at such a rate as to maintain pressure p x constant, 
and piston (2) move outwards to maintain the pressure constant, then Ber- 
noulli’s equation for adiabatic horizontal flow through the orifice is 

•(!)« 

Also for continuity of flow, 

Wi-Wr (2) 


Equivalent Isothermal 



If the orifice is small compared with the size of the cylinder, the high kinetic 
energy, generated in the orifice, will be dissipated as heat and V 2 ^V v whence 
equation (1) reduces to 

% + C.JT 1 **%+C r JT t , 

Pi Pi 

i.e. the total heat before throttling is equal to the total heat after throttling. 

With adiabatic expansion through the orifice itself, the total energy remains 
oonstant, in agreement with Bernoulli’s equation, but a large portion of this 
energy is in kinetio form, so that the caloric heat after expansion is not equal to 
the caloric heat before. 


* See p. 319. 
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Up to the end of the adiabatic expansion through the orifice the throttling and 
adiabatic operations are identical; beyond this, however, the throttling process 
is irreversible, in that the acquired kinetic energy is frittered away as heat which 
reheats the gas, whereas with an adiabatic operation it could be returned by 
fitting an expanding tube, as in an ideal injector, so as to compress the gas to p v 

The heat change during an irreversible operation is not given by j Td<f> t 

i,e, the area subtended by the apparent direct path of the operation, but we 
must follow reversible processes to arrive'' at the final state. In this particular 
case the processes are adiabatic expansion followed by reheating at constant 
pressure, whereas the direct path is an isothermal, since for no loss of caloric 
heat the total heat C- Px T x initially must ^jqual the total heat C Pt T z finally, and 
if C pi = C pt , then T x = T 2 and the hatched areas in Fig. 85 are also equal. 

I 

I 

Ex. Total heat and entropy of a throttled pjas. (B.Sc. 1933.) 

Define the total heat of a substance. 

Find the total heat of 1 lb. of air at 100 lb. per sq. in. and 100° C. If 1 lb. of air under 
these conditions is passed through a throttle valve without a gain or loss of heat through 
the walls of the valve and the pressure is reduced to 50 lb. per sq. in., find the change in 
entropy of the air. ( C v — 0*238; C v — 0*169.) 

The total heat of a gas is the sum of the internal energy and the pressure energy, and 
is usually measured relative to 0° C. 

Total heat of 1 lb. of air at 100 lb. per sq. in. and 100° C. is given by 

C V (T % - T x ) = C v (T 2 - TJ+ -? (»,-»,) = 0-238 x 100 = 23-8 c.h.u. 

Change in <j> at constant temperature 

= -^log,- = (0-238 -0-169) log, 2= +0-04785. 

J pi 


Ex. Otto cycle. 

Draw th epv and T(/> diagrams for an Otto cycle in which 1 lb. of air at 14 lb. per sq. in. 
and 90° C. is compressed to one-fifth of its initial volume, after which heat is supplied 
at constant volume to raise the pressure to 500 lb. per sq. in.; adiabatic expansion then 
restores the air to its original volume. (C v = 0*17 ; y = 1*43 .) 

The pressure at any point on the expansion or compression stroke is given by the 
expression 

P.-rf" 

Hence the two curves (1,2 and 3, 4) may be readily plotted against pv axes, since the 
initial state of the air, the explosion pressure and the value of n are given. 

On the T<f> chart the adiabatic operations are represented by vertical lines 1, 2 and 
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3, 4, whilst the constant volume operations may be plotted from the expression 

T 

02 "“01 • 



Fig. 86. pv diagram for Otto cycle. 



Point (1) is located from the equation 

= cyog^+^iog.^, 

where T and p are the conditions at n.t.p., the origin from which entropy is measured 
(see p. 152). 

o«o 14..7 

0i - 1*41 x 0*17 log„|“ 4- 0*17(1 *41 — 1)10^““ « 0*0718. 
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Ex, The Diesel cycle. 

Draw the pv and T<f> diagrams for a Diesel cycle in which 1 lb. of air at 14 lb. per sq, in. 
and 90° C. is compressed through a ratio of 14 to 1 . Heat is then added until the volume 
is 1*7 times the volume at the end of compression, after which the air expands adia- 
batically to its original volume. (Take C v = 0*238 and y = 1*41.) 

The pv diagram is plotted from the gas relations 


Pljh _ P2 V 2 

i\ - t ; 


and p 2 = Pi 


The change in (j> is given by 

i , i?. Vo ~ . To 

$2 “ jr 0 v 7p~ • 

At constant pressure, ^ C^logaiy^V 

At constant volume, ^ log* T 2 /7V 


EXAMPLES 

1. Find the change in <f> when 1 lb. of air at n.t.p. is compressed to 2 cu. ft. at 555° C. 

absolute. (C v » 0*2375; C v = 0*169.) Ans. -0*0051 Rank. 

2. One-tenth of a pound of air has its temperature raised, at constant pressure, from 

0° C. to 100° C. What is the change in <p ? Ans. 0*0074 Rank. 

3. Show that when a gas expands the heat supplied during expansion is given approxi- 
mately by the product of the change in <f>, and the mean absolute temperature during 
expansion. 

4. Calculate the change in entropy when 1 lb. of air changes from a temperature of 
330° C. absolute and volume 5 cu. ft. to a temperature of 555° C. absolute and volume 
20 cu. ft. 

If the gas expands according to the lawpv n = c, calculate the heat given to or extracted 
from the air during expansion and show that it is approximately equal to the change in 
<j> multiplied by the mean absolute temperature. 

Ans . 0*1815. Index of expansion, 0*63; Heat added, 79*5 c.h.u.; by the approximate 
method, 80*3 c.h.u. 

5. Find the change in <f> when 2 lb. of air are compressed to one-fifth of the initial 
volume, from an initial temperature of 280° C. absolute and pressure 14*7 lb. per sq. in. 
absolute 

(а) when the compression is isothermal; 

(б) when the compression is adiabatic; 

(c) when the temperature at the end of compression is 330° C. absolute. 

Using the values of <f> obtained, find the heat rejected from or received by the air in 
each case. Ans. -0*2205,0, -0*165 c.h.u.; -61*8,0, —50*4 c.H.u. 
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(B.Sc. 1926.) 

6. A quantity of air having a volume of 2 cu. ft. at atmospheric conditions of 14-7 Jb. 
per sq. in. and 16° C. is compressed according to the law pv hlh - c until its pressure is 
120 lb. per sq. in. Find the change in internal energy, and the change in entropy of the 
air. The specific heats are C v — 0-169; C p = 0-238. 

Ans. +2-33c.h.u.; -0-0797 Rank. 

(B.Sc. 1932.) 

7. Derive a general expression for the change of entropy taking place when a mass 
of gas expands. 

In a gas engine the compression ratio was 6 to 1 . The temperature and pressure at the 
beginning of compression were 80° C. and 14 lb. per sq. in. The compression index was 
1-32, and combustion took place approximately at constant volume, the maximum 
pressure attained being 360 lb. per sq. in. The specific heat of the mixture at constant 
pressure and at constant volume can be takep as 0-25 and 0-18 respectively. Find the 
change in entropy per lb. during (a) compression and (b) combustion. 

Am. = C v log, %+j log, - a ; 0-0225; 0-1585. 

J i J v i 

(B.Sc. 1939.) 

8. Derive a general expression, in terms of the initial and final temperatures and 
volumes, for the increase in entropy of a gas when heated. Hence find the change in 
entropy, state whether it is an increase or a decrease, when a quantity of air which 
occupies 1 cu. ft. at a pressure of 500 lb. per sq. in. and 1000° C. expands to atmospheric 
pressure, the index of expansion being 1-35. 

Ans. = C v log, ^ + - log, t2 per lb. ; 

J V L 

during expansion <f> 2 - <p x — C v ( - - - - - 1 log, - ; 

\ n I Pz 

increase in $ for 1 cu. ft. of air = 0-015. 
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MIXTURES OF AIR AND STEAM 


Dalton’s laws. 

On p. 25 it was proved that, in the case of a mixture of perfect gases, each gas 
exerts the same pressure as it would if it occupied the vessel alone. The same is 
approximately true of a mixture of vapours which do not interact, the mass of 
a vapour to saturate a given space being independent of the other oocupants of 
the space and depends only upon the prevailing temperature. * 

A special, and important, case of such a mixture is that of the moisture ladened 
atmosphere,! where, in addition to air, we have water vapour or steam, the state 
of which depends upon the degree of saturation. On a hot dry day the steam is 
superheated and invisible, at nightfall it may partially condense and form a fog. 
Before condensation, however, the steam becomes dry and saturated at a pressure 
which depends upon the prevailing temperature,! and which may be found from 
Bteam tables. In this state the air cannot accommodate any more steam without 
a rise in temperature, whilst, should the temperature fall, condensation of the 
surplus steam is inevitable. 

For a given barometric pressure the presence of steam causes the partial 
pressure exerted by the air to be less than the barometric pressure, according to 
the relation given by Dalton: 

Total pressure = Partial pressure of air + Partial pressure of steam. 

The partial pressure of the steam cannot exceed the pressure corresponding to 
the temperature over the water surface from which the steam is coming, and in 
general it will be less, so that evaporation will go on; but without a fall in tem- 
perature it would take an infinite time to saturate the air, or, more correctly, 
the space. 

In connection with air-steam mixtures we are usually interested in two things, 
the degree of saturation, and the heat content of the mixture at the given 
temperature. In condenser problems it is often the pressure and specific volume 
of the air which we require (see p. 395). 

Now it should be observed that the presence or absence of air plays no part in , 
the evaporation or condensation that goes on in the space containing the liquid, 
although we speak of the air as saturated (i.e. humid air), partly saturated, or 

* It is assumed that the saturation line of any vapour present is not changed by the 
presence of other vapours or gases, and that thore is no change in the heat capacity in any 
of the constituents. 

t Another important case is the charge in a petrol engine, but it presents considerable 
difficulty because of the different boiling-points of the various fractions of the fuel. 

J See p. 128 , on vapours. ,. k 
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bone dry, and we base our calculations on one pound of air* and its associated 
vapour, rather than upon a pound or cubic foot of the mixture. In a closed 
vessel containing a liquid together with air we may, as a fair approximation, 
regard the air as saturated if the vessel has been closed for some time at constant 
temperature. 

(B.Sc. 1935.) 


Ex. The volume of a small experimental boiler is 6 cu. ft. When under atmospheric 
pressure of 15 lb. per sq. in. at a temperature of 15° C. it contained 1 cu. ft. of water, the 
rest of its volume being occupied by air. The fir# was lighted, and when the temperature 
inside the boiler was 141° C. the stop valve was Still closed. Find the pressure when this 
temperature was reached. | 

Neglecting the slight change in the volume of the water, and the initial water vapour 
in the boiler, find how much heat had been givejh (a) to the air, (b) to the steam formed. 
For air 0 9 = 0-238 and C v = 017. f 

At 141° C. the partial pressure of the steam | = 54-00 lb. per sq. in. absolute 

Air pressure, neglecting the initial water vapouxfat 1 5° C. 


= 15 



21-50 


Total pressure in boiler at 141° C. 


= 75*56 lb. per sq. in. absolute 


R = J(C P —C V ) = 1400 (0*238 — 0*1 7) = 95-2. 


And since pv = wRT , 


15x144 (C> —1 ) 

95-2 " (273 + 15) 


= 0-394 lb. 


Heat given to air = 0-17 x 0-394 [141 — 15] = 8-44 c.H.u. 

Volume of steam formed = 5 cu. ft., and with a specific volume of 7-928 the weight 
of steam formed = 0*631 lb. 


Heat supplied per lb. of steam formed at constant pressure 

= (654-5 -15)= 639-5 o.ti.u. 

But in this case the steam is generated at constant volume, so we 

54 x 1 44 

must subtract the external work = , x 7-928 — 44-0 

1400 

Heat supplied to steam per lb. «= 595-5 c.H.u 

Net heat supplied to steam in vessel = 0-631 x 595-5 = 376 c.H.u. 


Ex. Mixture of water and air. (B.Sc. 1938.) 

A mixture of water and air is heated in a closed vessel. At a particular instant, when 
the pressure is 70 lb. per sq. in., the temperature is 146° C. Find 

(а) the weight of air associated with each lb. of steam; 

(б) the pressure in the vessel when the temperature has increased to 192° C., there 
being still some liquid present, 

* See example “Cooling tower’*, p. 847. 
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Take R = 96 ft.-lb. per degree Centigrade in the characteristic equation for air. 
Total pressure = 70 lb. per sq. in. 

Partial pressure of steam at 146° C. = 62 

Partial pressure of air at 146° C. =8 lb. per sq. in. 

Specific volume of steam = 6 '944 cu. ft. per lb. 


pv ~ wRT . 


w = 


pv 8x6*944x144 
Rf “ 96 x [146 + 273) 


= 01987 lb. per lb. of steam. 


Air pressure at 192° C. = ” 14 ^^ 573 ^ ~ 8*88 lb. per sq. in. 

Steam pressure at 192° C. = 190-00 

Total pressure = 198-88 lb. per sq. in. at 192° C. 


Ex, Air in Lancashire boiler. (B.Sc. 1933.) 

During the “warming up” process in a Lancashire boiler the water stands at the 
usual level. When the fire is lighted the temperature of the boiler is 18° C., the pressure 
in the boiler being atmospheric = 14*7 lb. per sq. in. Find the pressure in the boiler 
when the temperature has been raised to 150-5° C. 

Steam is drawn off dry and saturated at 192° C. What weight of air per lb. of steam 
will it at first contain ? 


Total pressure initially 

Partial pressure of steam at 18° C. 

Partial pressure of air 


= 14-7 lb. per sq. in. absolute 
* 0-306 

= 14-394 lb. per sq. in. absolute 


Partial pressure of steam at 150-5° C. 
Partial pressure of air *= 14-39 “973 ^ jg J 

Total pressure at 150-5° C. 

Partial pressure of steam at 192° C, 

Partial pressure of air = 14-39 

Specific volume of air at 192° C. = 
r 23 x 144 

Specific volume of steam at 192° C. 

2*432 

Air associated with 1 lb. of steam = — — 

13*47 


= 70-076 lb. per sq. in. absolute 
= 20-93 

— 91-006 lb. per sq. in. absolute 

— 190- 12 lb. per sq. in. absolute 
= 23-0 lb. per sq. in. absolute 

= 13-47 cu. ft. per lb. 

= 2*432 cu. ft. 

= 0*1807 lb. 


Ex. Mixture of air and steam. (B.Sc. 1939.) 

A boiler is half filled with water at 15° C. and 14*7 lb. per sq. in., the remainder of the 
volume being occupied by air, and the stop- valve closed. The temperature is then 
raised to 200° C. Find 

(a) the pressure which will now be registered by the gauge; 

(ft) the weight of air which will leave the stop- valve per lb. of steam when the valve 
is first opened at this pressure. 
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Take B = 96. 


The total pressure initially = 14-7 lb. per sq. in. 

Saturation pressure of steam at 15° C. = 0*248 

Partial pressure of air = 14*452 lb. per sq. in. 


Let 2v be the volume of the boiler, then the weight of air present 


14*452 x 144# 
96x288 


0*0753#. 


The specific volume of steam at 15° C. is 1246 cu. ft. per lb., and as this is 
immensely greater than that of the air present in the boiler, we may neglect the mass 
of vapour at 15° C. I 

The specific volume of dry saturated stean| at 200° C. is 2*042 cu. ft. per lb., and 
if x is the reduction in the volume of the wa|er due to the formation of the steam, 

^ I' 

the weight of steam formed = 9 lb. J 

The weight of water at 15° C. =|^ ~ lb. 

The weight of water at 200° C. - 002+ 0^)42 x 59-7* 


The total weight of water plus steam is invariable. 

# __ v + x v — x 

(M)l«02 ~ 2 042 + (MU8I53 ’ 


when 


x = — 0*1 497 v. 


The negative sign indicates that the thermal expansion of the water more than 
offsets the reduction in volume due to the generation of steam. 

The weight of air per lb. of steam 

0*0753# = 0*0753 x 2*042 ^ Jb 

(#-f x)/2'042 1+x/v 


For the air 


_ V 2*2 

T ~ 7 T * 
1 1 J 2 


P2 = Pi 


T 2 V 

T x v + x 


14*452 x 


473 

288 X 0-8503 ' 


Saturation pressure of steam at 200° 

Total absolute pressure 
Barometric pressure 
Gauge pressure 


= 27*9 lb. per sq. in. 
C - 225*0 

= 252*9 lb. per sq. in. 
= 14*7 

= 238*2 lb. per sq. in. 


Ex* Mass of vapour associated with 1 lb. of air. 

Find the mass of vapour associated with 1 lb. of air at 70° F. if the total absolute 
pressure is 0*8 in. Hg. 

From steam tables the saturation pressure corresponding to 70° F. is 0*739 in., hence 
the partial pressure of the air is 0*061 in. 
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But = ~nr > and at N - T P - Pl = 30 in., T x = 492 and v x = 12-39, whence 
T x 1 2 

- (R«i x S x 1239 " 6660 0o ' ft ' ■*' lb ' 

Specific volume of dry saturated steam at 70° F. is 871 cu. ft. per lb, 

6560 

Mass of vapour associated with 1 lb. of air = = 7*53 lb. 

Ex. Weight of vapour and its pressure in a condenser. 

The volume of a condenser, which contains 0*1 lb. of air with the steam, is 98 ou. ft. 

The temperature is 45° C. and there is some water at the bottom of the condenser. Find 

the weight of vapour and the pressure in the condenser. 

.. x . . x 14*7 x 12-39x318 

Specific volume oi air present = OP7Q w = 


273 xp 2 


Now 0*lr a = 98. 


14-7x12-39x318 

273x980 


= 0-216 lb. per sq. in. 


Partial pressure of steam at 45° C. = 1-367 
Total pressure in condenser 


= 1-583 lb. per sq. in 
Specific volume of steam at 45° C. = 248-4 cu. ft. per lb. 

98 


Weight of steam present = oysTl = ^*394 lb. 

Weight of air present =0*1 

Total weight of air and vapour in the condenser = 0-494 lb. 


Humidity. 

The amount of water vapour present in a gas is known as the humidity of the 
gas, and is a quantity of importance in air conditioning, condensers, cooling 
towers, etc. 

Absolute humidity (a.h.) is the number of pounds of water vapour in one 
pound of dry air.* When expressed as the percentage absolute humidity, 
it is the number of pounds of water vapour carried by one pound of dry air at 
the prevailing temperature, divided by the number of pounds of vapour that one 
pound of dry air would carry when saturated at the same temperature, multiplied 
by 100. 

Relative humidity (r.ii.) is defined as 

Actual w eight of water vapour per cu. ft. of air at temperature t° 

Weight of vapour to saturaiea cu. ftrartemperature t° (i.e. the 

density of steam at temperature I) 

* When we speak of dry air we mean that it was dry before its association with steam, 
and even when so associated we look upon it as having a separate existence. Some authors 
define a.h. as the number of grains of steam contained in 1 cu. ft. of dry air. 
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This ratio is the same as 

Absolut e humidity for the given conditions 
Absolute humidity at saturation 

and may be expressed in terms of the pressure thus : 

Actual weight of water vapour per cu. ft. of air at temperature f is the density 
Pp, of the superheated steam at partial pressure p pa . 


R.H. = -— = 


P m V. 

P$ V (is 

But superheated steam obeys approximately the laws of perfect gases, so with 
the temperature constant ^ _ y v jp pt . 

Hence 


RH —8i‘? — 

Pa v ps P> 

Partial pressure of steaih present at temperature t 
~ Partial pressure of steam when the air is saturated at temperature t‘ 

Dew point is the temperature at which the vapour changes from superheated 
steam to dry saturated steam; any further reduction in temperature causes the 
deposition of dew, the r.h. then being unity. 


Expression for absolute humidity. 

To obtain the absolute humidity per mol of gas, we have pv = 2780T, and 
since the equivalent molecular weight of air is 28*97, then the specific volume 
v a of the air at the prevailing temperature T is 


2780T 

"p^x 28-97' 


-d) 


The steam, in being superheated, will also obey approximately the universal 
gas equation, so that its specific volume is 


v pj ~~~Te cu. ft. per lb., .(2) 

p ‘ P Vl x 18 

where p Pt is the partial pressure of the steam, and 18 its molecular weight. 

Mass of steam associated with one lb. of dry air (since in the mixture both 
air and vapour share a common volume) 


fa 

v Vt 


t 4 2780 T p p ,x 18 18 p p> 

(A.H.) x 2 g. g7 x 27802*' 28-97 p a ' 
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If the pressures are measured in inches of mercury and the barometer stands 
at 30 in., then, by Dalton’s Law, 

Pa+Pp, = 30 ; 

X 8 '2? 

whence Absolute humidity = (30 —p p )’ ^ 


Humidity curves. 

By selecting various temperatures, the partial pressure of the steam, when the 
air is saturated, may be obtained from steam tables, and, by inserting this value 
in equation (3), above, the absolute humidity may be calculated for saturated air. 
For example, at 100° F. the pressure of dry saturated steam is 1-926, whence 
substituting this value in equation (3) gives 


18 1*926 

a.h. =■ x — — — — = 0-0427 lb. of vapour per lb. of bone-dry air. 

23-97 (30 — 1-926) 


Continuing in this way, for various temperatures, the 100 % relative humidity 
curve may be plotted (Fig. 90). 

For relative humidities less than 100 % use is made of equation r.h. —p p Jp, 
to determine p P) for substitution in (3), thus: 


A „ = Jit 

28-97 (30 — (k.h. )p„) 


....(4) 


Taking tlie previous example with R.H. = 50 % 

ah. = oio7 x (3oZi)V^rr926) = °' 0206 lb> 0f vapour per lb - of bone-dry air. 

By taking various temperatures the 50 % k.h. curve may be plotted, and so on 
for other relative humidities until a whole family of curves is obtained, as in 
Fig. 90. 

A horizontal line drawn on these curves suffices to show the unsatisfactory 
nature of r.h. from an engineering standpoint, when we are concerned with the 
heating or cooling of air, a temperature rise causes a rapid diminution in B.H., 
although the absolute humidity remains unchanged. 

It should also be observed, from the definition of R.H., viz. 


a.h. at given conditions 
a.h. at saturation 


that on substituting from equations (3) and (4), above, the equation obtained is 
not mathematically exaot: 


RH ^ 18( R.H.)jp a 28-97(30-;p g ) / 30 ~y» \ 

28-97(30- (R.H .) P y 18 p t -< B - H .^30-(R.H .)pj' 

30 — 7) 

Since p t is always small, the error in regarding -- — • — as unity will be small. 

oO— (R.H .)p 8 
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Drying by means of warm air. 


A wet material may be dried by the passage of a current of warm unsaturated 
air over it; since this operation takes place at constant barometric pressure, the 
partial pressure of the steam formed cannot go to increase the total pressure, as 
the air supply is already at barometric pressure, and the total volume is not 
confined in any way. The steam formed, 
therefore, may be regarded as increasing 
the volume of the air by an amount 
which depends upon the humidity of the 
air and its temperature. The process may 
be experimentally illustrated by taking 
a large fiask and introducing some ether, 
afterwards corking and shaking the flask. 

The ether is evaporated at constant 
volume v 1% and if a supply of heat main- 
tains the temperature of the flask, and 
its contents, constant, then the pressure 
in the flask will exceed atmospheric by 
an amount equal to the partial pressure p x of the ether. 

If the cork should blow out, the pressure is at once released, and we can imagine 
the ether separating and being expelled by the air in the flask to be later com- 
pressed or expanded isothermally to atmospheric pressure p 2 , so that its volume 
is given by 


Associated Volume 
of Steam at — 
Barometric^ 
Pressure , 



(Specific Volume of 
Bone Dry Air 
(Barometric Pressure! 


Fig. 9 1 . Humid volume. 





(i) 


This of course involves the assumption that the vapour follows the laws of 
a perfect gas. In the case of (ether or) water vapour, to raise its pressure to 
atmospheric, while its temperature is that of the atmosphere, is impossible. We 
might therefore regard some of the air as expelled and assume that its pressure 
is reduced to barometric pressure minus the partial pressure of the steam (this 
is actually the case). 

The increase in the total volume of the air, due to this isothermal reduction in 
pressure, is given by 


P2-P1 


v 



and since Pi/p% is small the change is given approximately by — v 9 as before. 

P2 

Now with moist air, the steam is more often than not superheated, and its 
pressure is small; so that it will obey approximately the law of a perfect gas, i.e. 
pv mt wHTy whence * 


(?) 


P 2 
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We know that a mol. of steam at n.t.p. displaces 358-6 cu. ft. [quite an 
impossible condition, of course, but one which we can use as a step in computa- 
tion] and since the molecular weight of steam is 18, the specific volume of steam 

at n.t.p. is , whence equation (2) per lb. of steam becomes 

* ' 18 



358-6 3\ 

~nr * 492 


(with T in °F.). 


But 1 lb. of air, of absolute humidity a.h., Contains a.h. lb. of steam. 

Final volume of the steam, when it* pressure is hypothetically raised to 
normal barometric pressure at the prevailing temperature 3\, 


, , 358*0 T x 

= (A.HO-jgf X— 1 k. 


(3) 


This is the amount by which the volujme of air has increased, at constant 
temperature T v due to its pressure having been reduced by that of the steam, 
whilst the total pressure remained unchanged. 

C 

Specific volume of dry air, v„. 

Since the equivalent molecular weight of dry air is 28-97, and one mol at n.t.p. 
displaces 358-6 cu. ft., then the specific volume at temperature <°F., and normal 
barometric pressure, is 

„ = 11-57 + 0-025K. (4) 

a 28-97 \ 492 / 


This curve is plotted on the humidity chart. 

The saturated volume of humid air is the volume, in cub. ft., of l lb. of dry 
air, when it is saturated with steam at constant barometric pressure. 

From equations (3) and (4) this becomes ^ 

v = [11-57 + 0-025U] + (a.h.)-~— x • V 5 ) 


The graph of this equation is plotted on the humidity chart. .... 

If the humidity is less than that at saturation, then we multiply (a.h.) in 
equation (5) by the relative humidity (r.h.) or interpolate between the air and 
vapour curves to obtain the humid volume. 

The humid heat, s, is the number of heat units required at constant pressure to 
raise 1 lb. of air and its associated steam through one degree in temperature. 

Since the specific heat of air, at constant pressure, is 0-24, and that ol low 
pressure steam approximately 0-45, the specific heat, s, of the mixture is 

8 - 0-24 + 0*45 (A.H. ). 

Smce e is a linear function of (a.h.), it is plotted on an ordinate of (a.h.) on the 
humidity chart instead of on the temperature base. 


X4*« 
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Curve of latent heat. 

If the water supplying the vapour is at the same temperature as the atmosphere, 
then the only heat to be supplied, per lb. of air, is the latent heat to evaporate 
(a.h.) lb. of water. A curve of latent heats, on a temperature base, is therefore 
convenient for facilitating computations. 

Adiabatic humidification curves. 

In most operations of drying, or humidification, little or no heat is supplied 
from an external source; the humidity changes being effected by an exchange of 
heat between water and air, so that we may regard the operation as adiabatic. 



On this basis the total heat entering the humidifier (Fig. 92) must be equal to 
the total heat leaving, and if we regard the specific heat of water as unity, the 
heat removed on evaporating the water from temperature t w into dry steam at 
< 2 , per lb. of air, is 


(a.h . 2 A.H.j) (t 2 -t w + L 2 ). 


•( 1 ) 


As a consequence of this evaporation the temperature of the moist air falls 
from t t to / 2 , releasing heat to the extent of (0-24 + (Moa.h.j) (t x — 1 2 ) b.t.u. per lb. 
of air circulating. 

Equating these two quantities, 

(a.h. 2 — a.h. x ) (/« — t w + Jj 2 ) = (0-24 + 0-45a.h. 1 )(< 1 -# 2 ) (2) 

Although this equation is in its simplest form, as it makes no allowance for 
superhoating the steam, yet it is not easy to solve, since a.h. is a function of 
temperature. 

Graphs off er the simplest means of solution, and even so further simplification 
is desirable, thus: 

If the water were supplied at temperature t 2 , the equation would become 

(a.h . 2 — A.H.j) Zio = (0-24 + 0-45A.H. 1 )(< 1 -« 2 )- 

We know t 2 . a.h. 2 , at saturation, and L 2 , which may be obtained from the 
humidity chart; we have therefore 

, , r (a.h . 2 ) L 2 — 0-24(£, — f 2 ) 
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Since L % is great compared with the other terms in the denominator, the relation 
between a.h. x and t x is almost linear (see humidity chart). 

A large number of these lines may be quickly plotted by first equating the 
numerator to zero, so as to evaluate t x when a.h. x = 0, and then taking the other 
point on the line at the intersection of the t 2 temperature ordinate with the 100 % 
humidity line. 


Ex. On the use of the chart. 

Determine the initial humidity of air at 150°T\ ? if, after passage through a humidifier 
of infinite surface area, it leaves saturated at 100° F. 

Fig. 93 shows the solution of the problem on the humidity chart. The initial humidity 
is 0*0306 lb. per lb. of bone-dry air, and the gain in humidity is 0*0124 lb. per lb. of air. 



Ex. Air at 175° F. and 15% r.h. is passed over some wet material and emerges 
saturated. Determine the saturation temperature, the amount of water evaporated 
per lb. of dry air, and the air to be supplied to evaporate 1 lb. of water. 

On the humidity chart, the initial a.h. = 0*043 

By following an adiabatic line to the 100 % humidity curve the tempera- 
ture = 110°F. and the a.h. = 0*0595 

Increase in moisture content per lb. of air 0*0165 


/. Air per lb. of water = 


_ 1 _ 

00165 


- 60*6. 


Dehumidification . 

In the tropics, or in deep mines, the humidity is often too great for the comfort 
of human beings, whilst in places, like telephone exchanges, depositions of 
moisture may cause electrical shorts; it is therefore desirable to condition 
the air by removing some of this moisture. Many methods are available, but 
the most economical of all is refrigeration. 
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In this method the moist air is passed over a cold surface which condenses part 
of its moisture, but still leaves the air saturated at a low temperature. A glance 
at the humidity chart will show that by raising the temperature of the dehumidi- 
fied air, the relative humidity decreases rapidly, so that the air is now oapable of 
taking up further moisture. 

In winter this process takes place naturally, the outside air being saturated at 
almost freezing point, but, after being heated indoors, its (R.H.) becomes so small 
that the air dries the mucous membrane and thereby produces a sensation of 
stuffiness. 


Ex. Air at 75° F., having a r.h. = 90 %, is cooled down to 40° F., after which it is 
reheated to 95° F. Determine the final r.h. and the heat quantities involved in the 
conditioning. 

From the humidity chart the initial a.h. = 0-017 lb. per lb. of air and the a.h. at 
40° F. saturated = 0-005 lb. per lb. Hence the reduction in moisture content per lb. 
of air = 0-012 lb. 

The dew point for the air at 75° F., r.h. = 90 %, is 72° F. ; hence the superheat in the 
steam = 3°F. L at 72° F. = 1053 b.t.u. per lb. 

Hence total heat in 1 lb. of air at 75° F., r.h. = 90 %, is 

(75 - 32) x 0-24 +0-017[(72- 32) + 1053 +0-45x3] = 28-92 b.t.u. 

Total heat in 1 lb. of saturated air at 40° F. 

= (40 — 32) 0-24 + 0-005[(40 — 32) + 107 1] = 7-32 
Heat to be removed per lb. of air = 21-60 b.t.u. 


During reheating the a.h. remains constant, but the r.h. falls to 16 %. The heat 
required 

= [0-24 + 0-005 x 0-45] [95 - 40] = 13-3 b.t.u. 

The specific or humid heat could have been obtained directly from the humidity chart. 


Ex. Evaporative condenser. (B.Sc. 1932.) 

A low vacuum surface condenser uses the film evaporation method (evaporative 
condenser). The heat from the steam is transmitted through the tube walls and is taken 
up by a water film moving over the tube surface. The water partly evaporates into an 
air stream. The temperature of the water film remains constant at 50° C. The air enters 
in a saturated condition at 12° C. and leaves, saturated, at 30° C. The heat to be ex- 
tracted from the steam amounts to 500 o.n.u. per lb. 

It is estimated that an evaporation rate of 0-0007 lb. per sec. per sq. ft. of surface 
should be allowed. Determine the air flow and the surface necessary per 1000 lb. of,, 
steam per hr. 

The saturation pressures of steam at 12° and 30° C. are, respectively, 0-42 and D26 
in. Hg. For dry air take pv = 0-666 T and for steam pv — 1-0711*, where p is in lb. per 
sq. in., v in cu. ft. per lb. and T is absolute temperature. Specific heat air =* 0-24, 
barometer = 30 in. Hg. 
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The problem is illustrated in Fig. 94. 

0-666T 


Specific volume of dry air = t> a 1 


Pa 


Specific volume of superheated steam = v, ■ 


1071 T 

P, 


Absolute humidity = * — — 0-621 — . 

v, 1-071 T p t v a 


-d) 


1000 Lb. of Steam per Hour ) 

,^H cat Removal 500 C.h.u^fer Lb. 

c EvAPcmATioNcQjj0007 Lb. per Sec. per Sq.Ft. 

Saturated at 30°C. 


Fig. Oft. 



But Pa+Ps — 30 in.; hence (1) becomes 

a.h. = 0-621 


(»-!».)■ 


On leaving the condenser a.h . 2 — 0-02725 
OnenteringthecondenserA.il.! = 0-00882 

Increase in humidity = 0*01843 lb. per lb. of air. 

This is provided by evaporation of the water film, at 30° O., for, although the liquid 
film is at 50° C., the saturated air is at 30° C. The elevated temperature of the film 
permits heat removal direct to the air by convection. 

The heat removed per lb. of air is the total heat in the air leaving the condenser minus 
the total heat in the entering air. 

Total heat per lb. of steam at 0*42 in. Hg relative to 0° C. = 602 c.h.u. 

Total heat per lb. of steam at 1*26 in. Hg relative to 0° C. = 616 c.h.u. 

Heat supplied by the condenser per lb. of air 

* = [0*24(30 — 12)4-616 x 0-02725 — 602 x 0*00882] = 15*78 c.h.u. 

500,000 


Air flow in lb. hr. = 


15*78 


= 31,650 lb. per hr. 


Film evaporation in lb. sec. 


31,650x0-01843 ] 

3600 


Area required = — —232 sq. ft. 
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Determination of humidity [Wet and dry bulb thermometers]. 

Although the moisture content of air may be determined accurately by chemical 
methods, engineers usually employ the wet and dry bulb thermometers, or hair 
or paper hygrometers. With wet and dry bulb thermometers advantage is taken 
of the temperature depression which often accompanies evaporation. 

In the wet and dry bulb arrangement the air temperature is measured by an 
accurate mercury thermometer, whilst the bulb of a second thermometer is 
enclosed in cloth which is kept moistened. The difference between the temperature 
indicated by the thermometers is a measure of the humidity of the air. 

If a drop of water, having a surface area A, is at temperature t 8 , the corre- 
sponding saturation pressure being p 8 , and this drop is placed in unsaturated air 
at temperature t , the partial pressure of the aqueous vapour being p Ps , the 
instantaneous rate of evaporation is given by 

w ~ kA(]) H —]) ps ) units of mass per sec., 

where k is the diffusion coefficient through the gas film or drop. 

If the drop is colder than the ambient air, then, by Newton’s law, the in- 
stantaneous rate of heat transfer H = hA(t - 1 8 ) 9 where h is the coefficient of heat 
transfer through the gas film which surrounds the drop. 

This heat transfer will increase the temperature of the drop, but reduce the 
rate of evaporation until ultimately the surroundings supply the latent heat L 
of vaporisation, so that the heat balance becomes 

H = hA(t-t 8 ) = wL = kAL(p 8 -p Ps ). 

•• kL^““^ ^ Pp,^ 9 

whence the partial pressure of the water vapour is given by 

h . 

PpS Ps ^s)' 

In this equation t is the dry bulb temperature, t 8 that of the wet bulb, and p s 
the saturation pressure which may be obtained from steam tables when t 8 is 
known. 

Although the above equation,* when modified, forms the basis of all humility 
charts, yet the velocity of the air over the thermometers affects the rate of 
evaporation, and it should be observed that the wet bulb temperature t 8 is higher 
than the dew point. 

* A more complete equation is 

P», = P.- 0-000307^5 (<-«,) [l + in. Hg. 

where p„ = Barometric pressure in in. Hg. p, = Saturation pressure in in. Hg, t = Tempe- 
rature of dry bulbs, t, = Temperature of wot bulbs. 
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The Sling Psychrometer has been introduced to eliminate the effects of air 
velocity. In this instrument the thermometers are attached to a board that may 
be revolved by hand at 100 to 200 r.p.m. for about 14 sec. so as to secure stable 
conditions. 

Glaisher* has tabulated values of wet and dry bulb temperatures together with 
relative humidities and dew points. From these tables psyehrometric charts of 
the form shown in Fig. 95 may be constructed. 

As an example on the use of this chart obtain the absolute humidity, the 
relative humidity, and the dew point of moist air, it* the dry bulb reads 80° F. 
and the wet bulb 60° F. 

The intersection of the wet and dry bufib temperatures locates point /?, from 
which the r.h. = 28*5 %. A horizontal through B defines the dew point G as 
42*7° F. and the absolute humidity as 0*0<$45 lb. per cu. ft. 

If we were given the r.h., the dew point *nd the a.h. could be obtained from the 
humidity chart (Fig. 90), but as a rule thejse quantities are unknown. 

Ex. Is there more heat in air at 100° F. dry biulb and 80° F. wet bulb; or in air at 90° F. 
dry bulb and wet bulb? 

This problem is best solved by the joint use of the psyehrometric and humidity charts. 

From the psyehrometric chart for 100°d,b. and 80°w.b., r.h. = 41 %, dew point 
^=71°F. On referring these values to the humidity diagram, a.h. = 0*0172, humid 
heat = 0*244, L = 1053. 

Total heat relative to 32° F. 

= 0*24 [71 — 32] + 0*0172 [(71 — 32) + 1053] + 0*244 [100 — 71] = 35*23 b.t.tj. 

At 90°d.b. and w.b., A.n. = 0*031 lb., L = 1043 b.t.u. 

Total heat relative to 32° F. 

= 0*24 [90 — 32] -f 0*031 [(90 — 32) -f 1043] = 48*02. 

Hence there is more heat in air when saturated at 90° F. than with a r.h. of 41 % at 
100° F. 

Ex. If air is heated out of contact with water, does the wet bulb temperature rise as 
well as the dry ? 

If no water is present the a.h. is invariable, but, since heat is supplied, the dry bulb 
temperature must rise. 

Referring tho problem to the psyehrometr ic chart, an increase in dry bulb tempera- 
ture at constant a.h. is bound to cause an increase in wet bulb temperaturo. For 
example, heating air at 80° F. d.b. and 70° w.b., at constant a.h., to 100° F. n.B. 
produces a wet bulb temperature of 70-3° F. 

Ex. On air conditioning. 

On a winter day the atmospheric air was at 35° F. and 65 % r.h. After passage 
through a washer it emerged saturated, and later it was passed through a heater which 

* “Psyehrometric Tables” by C. F. Marvin are published by the U.S. Department of 
Agriculture, 1915. 
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raised its temperature to 70° F. and its r.h. to 50 %. Determine 

(а) the water supplied by the washer per lb. of air; 

(б) the temperature of the moist air leaving the washer and the heat to be supplied 
by it per lb. of air; 

(c) the heat to be supplied by the heater. 

From the humidity diagram, 


a.h. at 70° F. and 50 % r.h. = 0*008 
a.h. at 35° F. and 65 % r.h. = 0*0^3 

Increase in a.h. = 0(3p5 lb. per lb. of bone-dry air. 


This is the water to be added by the washer ger lb. of air. 

The saturation temperature corresponding to an a.h, of 0*008 is 51° F. This is the 
temperature of the air leaving the washer. 1 
By extrapolation, the dew point for a 35° J. d.b. and r.h. = 65 % is 26° F. 

Total heat at 35° F. d.b. and 65 % r.h. relative to 32° F. 

= (35 — 32) 0*24 + 0*003 [26 — 32 4* If 79 + 0*45 (35 — 26)] = 3-95 b.t.u. 

At 51° F. saturated, the total heat 


= (51—32)0*24 + 0-008 [(51 —32) 4* 1065] = 13*23 b.t.u. 


Heat to be supplied by washer = 9*28 b.t.u. per lb. of air. 

For a.h. = 0 008, humid heat =£=0*242; hence additional heat to raise the temperature 
to 70° at constant a.h. 

= 0*242 [70 -51] ^4*6 b.t.u. per lb. of air. 


Ex. On dehumidification. 

* Air at 90° F. dry bulb and 82° F. wet bulb enters a cooler which reduces its temperature 
to 70° F. Find the dew point, the weight of vapour condensed and the heat to be removed 
per lb. of dry air. 

From the psychrometric chart dew point = 78*6° F. ; r.h. = 70 %. 

a.h. at 90° F., 70 % r.h. = 0*0215 lb. per lb. of air 
a.h. at 70° F. Saturated = 0*0160 

Vapour condensed = 0*0055 lb. per lb. of air 
Total heat at 90° F., 70 % r.h., relative to 70° F. 

= (90—70) 0*24+0*0215 [78*6 — 70+ 1049+0*45(90—78*6)] = 27*65 b.t.u. 

Total heat at 70° F. relative to 70° F. — 0*016 x 1054 — 16*87 

Heat to be removed per lb. of air = 10*78 b.t.u. 


Humidity changes shown on a T<f> diagram. 

During the heating or cooling of moist air we can consider the steam indepen- 
dent of the air, and take such a mass of mixture that it contains 1 lb. of steam, so 
that the thermal changes of this mass may be referred to a T<j> diagram. From 
the definition of relative humidity it should be observed that the density of the 
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vapour, whether saturated or partially saturated, must be measured at the same 
temperature as the saturated air, so it seems reasonable to consider, at first, the 
isothermal heating of moist air. 

For simplicity, select a temperature where the specific volume of dry saturated 
steam is 1 eu. ft., then the intersection of this isotherm with constant volume 
lines of 2, 3, 4, etc. cu. ft. will define points where the R.n. is £, etc., since the 
total mass of the vapour is unaltered, but the volume has been doubled, trebled, 
etc. 



The intersection of the isotherm with the constant pressure line defines the 
partial pressure for the particular state of the steam, and the ratio of this pressure 
to that where the isotherm cuts the saturation curve (at the dew point) is also 
approximately equal to the relative humidity. For example, if p Sl = 10 lb. per 
sq. in., then the intersection with the constant pressure lines 8, 6, 4 and 2 defines 
relative humidities of 0-8, 0-6, 0-4 and 0-2. 

Constant pressure heating of vapours shown on the T<f> chart. 

In general air-steam mixtures are heated at constant total pressure, the a.h. 
remaining constant, and the R.n. varying as shown by the intersection of the 
a.h. line with r.h. curves in the humidity diagram. 

For example, starting with saturated air at 50° F. and heating it to 125° F., the 
a.h. remains constant at 0-008, but the r.h. is reduced to 10 %. 

On the T<fi diagram 50° F. correspond to 0-18 lb. per sq. in. On drawing this 
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constant pressure line in the superheated field it is found that it intersects the 
125° F. isotherm where the saturation pressure is approximately 2 lb. per sq. in. 

0*18 

Hence R.H., from the T(j) diagram, - = 0-09, which, considering the scale 

of the diagram, is a sufficiently close approximation. 

Hence we can regard the partial pressure of the steam as remaining constant 
during the heating of moist air at constant total pressure out of contact with 
water. 

If only steam were present, continued cooling beyond the dew point would 
proceed at constant temperature until all tbje steam was condensed. 



Pig. 97. Constant pressure heating of vapours. 


The presence of air, however, causes the temperature of the steam to fall, with 
the result that, as condensation proceeds, the composition of the mixture by 
weight alters, and the partial pressure of the steam is reduced. The change in the 
mass of steam present precludes the extension of this process on the T<j> chart. 

Humidity changes due to compression. 

If we consider 1 cu. ft. of dry air at such a temperature that it may associate 
with 1 lb. of dry saturated steam, and this mixture is compressed adiabatically 
from point A, in Fig. 96, to B, where its volume is ] cu. ft., its relative humidity 
is considerably reduced, and subsequent cooling at constant volume produces a 
saturated vapour at C. Further cooling causes condensation, until at D, where the 
mixture assumes its initial temperature and the steam its initial partial pressure, 
there is only j lb. of dry saturated steam present. 

If therefore the water thrown out of suspension is drained away, and the 
remaining mixture is allowed to expand isothermally to its initial pressure, the 
relative humidity will be *. The low temperature which attends adiabatic expan- 
sion causes still more drying of the air, and this method of Air conditioning is 
sometimes employed on deep mines, where the rock temperature may be 140° F., 
and both main and auxiliary machines are driven by compressed air. 
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Characteristic constant for moist air. 

As explained on p. 210, the superheated steam and air will obey approximately 
the laws of perfect gases. 

For the steam, when the relative humidity is r.h., and the saturation pressure 

is 

(H.u.)p a v = w a R a T. (1) 

For the air, p A v = w A R A 7\ (2) 

Total mass of mixture = (w s + w A ) = w = |j~ + — (3) 

For the mixture, D pv 

R = wT' 

and by Dalton’s law, {p A + (R.H.)pJ = p. 

By (3) and (5) in (4), 


( 4 ) 

( 5 ) . 


R = 


P 


{ p- (B.H.)p,} (R.U.)p 8 ' 


R. 


R. 


For air, 


7? _ 2780 _ OR., P _ 2 ™>_ 

28-1)7 ^ ■ 8 jg ~ 154 4. 


(«> 


Obviously the change in R, from It A , is most marked when p approached p t , 
or the temperature is fairly high, so as to make p B approach the partial pressure 
of the air. 


Ex. Calculate the characteristic constant for saturated air at 120° F., if the barometer 
is 20-92 in. What is the air pressure? 

Total pressure = 29-92 in. 

p, of steam at 120° F. = 3-44 

Partial pressure of air = 26-48 



Ex. On a certain day it was found that the vapour pressure was 0-4 in. Hg when the 
air temperature was 20° C. and the barometer 29-4 in. Hg. Find the relative humidity, 
the weight of vapour per cu. ft., the temperature at dew point, density of mixture and 
characteristic gas constant for mixture. 

From steam tables the vapour pressure at 20° C. is 0*69 in. Hg, whence 
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Weight of vapour per cu. ft. = (r.h.) density of steam at 20° C. 

= 0-58 x 0-001077 = 0-000625 

Density of air at n.t.p. — 0*0808 lb. per cu. ft. 

r9Q.4_0.41 97Q 

Density of air in atmosphere = 0*0808 - — - x = 0*07275 

Density of mixture = 0*073375 


The saturation pressure corresponding to 0*4 in. Hg is 53° F. This is the dew point 
temperature. 

For the mixture pi; = wRT, and if we consider 1 cu. ft. 


L_ 29-4 

-*• rrt .ia a '' 


14$ x 144 


wT 29-92 0-073875 x 293 


= 96-9. 


Alternatively by equation (6), p. 222, 


f 




29-4 


(29-4-0-4) _ . 

96-1" + f54-4 


W- 96 -’- 


The adiabatic expansion index for an air steam mixture. 

Let v be the specific volume of the mixture, w a be the mass of air and w„ be the 
mass of steam in 1 lb. of the mixture. 

Let p (l be the partial pressure of the air, 
p 3 be the partial pressure of the steam, 
n a be the adiabatic index of the air, 
n s be the adiabatic index of the steam, 
n be the adiabatic index of the mixture, 
c va be the specific heat, at constant volume, of the air, 
c vs be the specific heat, at constant volume, of the steam, 
c„ be the specific heat, at constant volume, of the mixture. 


Then w a + to g = 1 lb., (1) 

Pa+Ps - P> the total pressure of the mixture. (2) 

The change in internal energy is given by two expressions: 


J'(n-l) 


cjfft-TJ. 


If we regard c„ as invariable, and T 2 zero, then 




Pi^i = 

J(n- 1) 


CpTj, 
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JHenco 

V(i V a — r T 
J(n a -l)~ ava ’ 

(3) 



(4) 



(5) 

Hut the internal energy of the mixture is the sum 

of the energies of its con' 

stituents. 

. 7V’„ PP\ _ P v 

n a - 1 %- 1 n- 1‘ 


Also 

V a = V* = V- 



. Pa Ps _ p 



* ' n a - 1 n, - 1 n- 1 ’ 


EXAMPLES 

1 . On a certain clay the relative humidity is 76 %, the barometric pressure is 14*2 lb. 
per sq. in., and the temperature of the air is 65° F. Find (a) the pressure of the water 
vapour, (b) the pressure of the dry air, (c) the density of the water vapour, (c l) the dew 
point. 

Given (1) saturated vapour pressure at 65° F. = 0-616 Hg, (2) weight per cu. ft. of 
steam at pressure = 0-468 in. Hg and temperature 57° F. = 5-191 grains. 

Am. (a) 0-23 lb. per sq. in.; (6) 13-97 lb. per sq. in.; (c) 0*000732 lb. per cu. ft.; 
(d) 57° F. 


2. What is the ratio of the density of dry air at a temperature of 80° F. and absolute 
pressure of 14-7 lb. per sq. in. to the density of the atmosphere having a relative humidity 
of 80 % and the same total pressure and temperature ? What is the dew point of the 
atmosphere in this condition ? 

At 80° F. saturation pressure = 1-022 in. Hg; at 73-2° F. saturation pressure = 0*8176 
in. Hg. Density of steam at 73-2° F. (pressure 0-8185 in. Hg) is 8*782 grains per cu. ft. 

Ans . 1*009 and 73*2° F. 

3. Compression of moist air. 

An air compressor takes in a supply of air at 14*7 lb. per sq. in., temperature 60° F., 
relative humidity 80 % and in the first stage raises its pressure to 58*3 lb. per sq. in. 
How much water vapour is deposited in the intercooler per cu. ft. of air compressed if 
the temperature is 80° F. ? 

Density of water vapour at 80° F. = 10-934 grains per cu. ft. ; pressure of water vapour 
at 80° F. « 1*022 in. Hg. Density of water vapour at 60° F. = 5*745 grains per cu. ft.; 
pressure of water vapour at 60° F. = 0*517 in. Hg, Ans . 0*000248 lb. 
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4. Air supply to boiler. 

At a certain load a boiler requires 174,000 lb. of moist air per hour to support 
combustion. If this air is supplied to the boiler at a temperature of 90° F., the absolute 
pressure of 14*5 lb. per sq. in., and the relative humidity of 85 %, find the weight of 
water vapour that enters the furnace per hour with the air. 

Given saturation pressure at 90° F. = 1*408 in. Rg., density of steam at 1*196 in. Hg, 
84*87°F. = 12*68 grains per cu. ft. Ans. 4460 lb. 


5. Preheating air. 


Air of 50 % R.H. at 80° F. is heated to 140°^F. What are the initial and final dry 
bulb temperatures, the dew point and the final ^.h. ? Ans . 67° F. ; 85° F. ; 10 % . 


6. Air conditioning. f 

For drying paper, air containing 0 grains of mbisture per cu. ft. was removed from the 
room containing the paper, passed through a d$er, which reduced its moisture content 
to g grains per cu. ft., and then returned to the jroom. Show that the time to reduce the 
moisture content from O i to G f is given by j 


7. Mine ventilating air. 


t = log. 



Surface air at 70° F. dry bulb and 60° F. wet bulb is sent down a 4000 ft. deep shaft. 
If autocompression of the air causes the dry bulb temperature to rise to 92° F., and the 
shaft is dry, determine the R.H. at the bottom of the shaft and the reading of the wet bulb 
thermometer. Ans. 28 % ; 68° F. 


8. Dehumidification by refrigeration. 

Manufacturers of refrigerating plants offer to devaporise 1000 cu. ft. of free air per 
min., when it is compressed to 80 lb. per sq. in. gauge, for an expenditure of 7*5 h.p. 
Comment on this offer. 

Ans. About 860 b.t.u. must be removed per 1000 cu. ft. of free air, if, after com- 
pression, the air is cooled to 100° F. With a coefficient of performance! of 3 the power 
required is 6*75 ii.p. — hence the maker’s offer is possible of attainment. 

9. Air conditioning by compression. 

With a view to increasing the output per man from a deep mine, the management 
considered conditioning the underground air by converting the steam engines to run 
on compressed air and discharge their exhausts into the workings. 

If this conversion involves a capital expenditure of £10,000, and on this amount the 
annual charges are 5% investment cost, 2£ % maintenance, and an annual sinking 
fund contribution so that the loan may be paid off in 10 years (if this amount is allowed 
to accumulate at 5 % compound interest), and in addition the cost of winding is increased 
by two pence per ton of ore raised when the output is 800 tons per day, what is the total 
increased cost per ton of ore mined ? 


WHS 


*5 



CHAPTER IX 


THE RECIPROCATING STEAM ENGINE 

The term “reciprocating” is applied to engines in which the piston moves back- 
wards and forwards in a stationary cylinder, and is used to distinguish this type 
of steam engine from rotary engines, where the power-developing component 
rotates as in turbines of various types. 

Reciprocating engines were the first successful engines to be developed, and even 
now they are the most reliable of all power producers.* With units developing 
more than 750 h.p., however, they cannot compete, on the score of thermal 
efficiency, with compounded steam turbines, and in no circumstances with the 
internal combustion engine; so that they are now being displaced to a large extent. 

Thermal efficiency is not, however, the sole criterion in the selection of power 
plant, and if a supply of cheap fuel is available, or if steam is required for process 
work, the installation of a modem type of reciprocating engine would still be 
justifiable. 

The ability to use any fuel, low first cost of the machinery, and ease of 
repair are the main reasons for the retention of the reciprocating steam engine 
for marine propulsion. 

Construction. 

Engines are usually of the vertical or horizontal type, depending upon whether 
the axis of reciprocation is vertical or horizontal. 

Economy of floor space renders the vertical engine suitable for marine’ work, 
whilst for stationary work the accessibility of the horizontal engine is responsible 
for its extensive use. 

Cylinder arrangement .f 

Fig. 98 shows a steam engine in its simplest form, the components, necessary 
for its operation, being named on the sketch. To secure greater economy of 
steam, or to allow the engine to start in any position of the crank, more than one 
cylinder is employed, giving rise to the compound engine described on p. 258 or 
the twin-cylinder engine as employed on some steam locomotives, winches and 
winding engines. 

On the value of expansive working 4 

For a given size of cylinder the work done per stroke is obviously greatest when 
the pressure remains constant throughout the stroke, but it will be seen from 

* Reliability of steam engines. At Meiros Colliery, Llanharan, a set of Beiliss and ' 
Morcom high-speed tandem compound compressors were started up in 1914 and ran ; 
continuously until 191 «, when they were dismantled and found to be in good condition. 
Iron and Coal Trade e Review, July 14, 1922. \ 

T A simple engine may be described as one in which each cylinder receives steam direct ' 
from the boiler. ’ f 

1 J ames W att was responsible for the introduction of expansive working. . .\f 
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Fig. 98. “Tangye” vertical steam engine. 
Part list for engine 


(1) Cylinder lubricator 

(2) Cylinder 

(3) Exhaust pipe 

(4) Cylinder drain 

(5) Slipper lubricator 

(6) Crosshead 

(7) Engine frame 

(8) Connecting rod big end 

(9) Crank 

(10) Eccentric 

(11) Holding down bolts 

(12) Bedplate 

(13) Flywheel pit 


(14) Governor 

(15) Main steam pipe 

(16) Throttle control valve 

(17) Gland and stuffing box 

(18) Valve rod guido 

(19) Eccentric rod 

(20) Connecting rod 

(21) Go vornor belt 

(22) Flywheel 

(23) Main bearing lubricator 

(24) Pedestal bearing 

(25) Wailbox support 
(20) Crankshaft 


Fig. 99 that such a procedure leads to great extravagance of steam. The extra 
work shown by the fully hatched area is obtained without the consumption of any 
more steam and therefore without the expense of any more fuel; hence expansive 
engines develop the greatest power per unit mass of steam, whilst non-expansive 
engines develop the greatest power per unit cylinder capacity. 

At the present time the only non-expansive engines in operation are direct 

*5-a 
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acting pumps, winches where reversing is effected by a valve, and therefore the 
piston valve controlling the steam to the cylinder has neither lap nor lead,* and 
rolling mill engines where great and intermittent power has to be developed. 
The extravagance of such engines is, however, sometimes reduced by using the 
exhaust in turbines or in feed heaters. 



Ex. pv and T4> charts for steam engines. (B.Sc. 1932.) 

Give sketches of the theoretical pv and T<j> charts for the following cases, and calculate 
for each the value of the ratio, actual work per lb. of steam /theoretical work per lb. of 
steam. 

(1) The steam cylinder of a pump taking steam at 90 lb. per sq. in., 0*98 dry, for the 
whole stroke, and exhausting at 17 lb. per sq. in. The consumption rate is 62 lb. per 
u.p. per hr. 



♦ See p. 230 
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(2) A reciprocating steam engine taking steam at 150 lb. per sq. in., dry, saturated, 
expanding to the release pressure of 12 lb. per sq. in. and exhausting at 2-5 lb. per sq. in. 
The consumption rate is 17 lb. per h.p. per hr. 


Case (1). 


Theoretical work per lb. = (90-17)0-98 x 4-913 x 144 


= 50,670 ft.-lb. = 36-2 o.h.u. 


Actual work per lb. 


Actual 22-82 
Theoretical ~ 36-2 


063. 


33,000 x 60 
1400 x 62 


■ 22-82 o.h.u. 


Case (2). Actual work per lb. = = 83-2 o.H.u. 



Fig. 101. 

On the Rankine cycle. 

Total heat at 150 lb. per sq. in. = 666-5 O.H.U. 
Sensible heat at 2-5 lb. per sq. in. = 56-8 
Heat supplied = 609-7 

Heat rejected = 0-81 x 564 = 456-7 

Work done = 153-0 

Area of A ABC = 21-2 

Work done — 131-8 


Ratio: 


Actual _ 83-2 
Theoretical — 131-8 


= 0-632. 


yalves. 

To produce reciprocating motion of the piston steam must be admitted to, and 
exhausted from, the cylinder, and to effect this valves are employed. The types 
of valves in common use are: 

(1) The simple slide valve. 

* (2) The piston valve. 

(3) The Corliss valve. 

(4) The drop or double-beat valve. 
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Before making a comparison of valves and their operating mecha nism g , which 
are known as valve gears, we must know exactly what we want the gear to effect. 
There are four things to be done. 

The steam must be admitted just before the end of the stroke so that the 
beginning of the outward motion of the piston will be performed under the full 
pressure of the steam. Next the supply of steam must be cut off before the end 
of the stroke in order to produce expansive working, whilst to avoid wastage of 
energy due to throttling or wire drawing the valve must close rapidly at cut off. 

To prevent undue back pressure on the piston during the exhaust stroke the 
exhaust valve must open before the end of the expansion stroke to release the 
steam. 

Finally, to secure greater economy in working, and to relieve the bearings of 
inertia loads, the exhaust valve must close before the end of the exhaust stroke 
to produce compression or cushioning. 

Nearly 200 years ago the valves which controlled the supply of steam to the 
cylinders of pumping engines were operated by boys, and it was due to the 
ingenuity of a boy named Humphrey Potter, who was anxious to play marbles 
in the engine room rather than work the valves, that mechanically operated 
valves were introduced. 

For traction work, for mine haulage, and for marine propulsion, it is important 
that the engine may be capable of being easily and quickly reversed, and this is 
an important factor in the selection of a simple and reliable valve gear. 

The simple slide valve.* 

This valve (Fig. 102) is virtually an inverted box having broad flat faces truly 
machined so that sliding contact between the valve and the port face, as shown 
in Fig. 104, is steam tight. 

Admission and release of steam are effected by the edges of the valve as the 
valve is reciprocated over the port face. In its most elementary form the face of 
the valve, which controls admission and release of steam, is the same width as 
the steam port, and the eccentric, which is the usual drive for a valve, is set 90° ' 
ahead of the crank. With such an arrangement, however, the engine would be 
non-expansive, there would be no cushioning, and no admission before the end 
of the exhaust stroke. 

To permit expansive working the width of the valve face is increased to overlap 
the port when the valve is in mid-position; this is known as steam or outside 
lap. Overlapping on the exhaust side of the port is known as exhaust or inside 
lap, and when positive it produces cushioning, when negative it gives a freer 
exhaust. Pre-admission is produced by setting the eccentric in advance of the 
90° position by the angle of lead or angle of advance. M 

* This brilliant invention was due to Murdock in 1799, although Murray reduced it to 
its present form in 1801. 
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Advantages of the slide valve. 

(1 ) It is simple in construction, and easy to repair when worn. 

(2) It has simple driving gear, and is easily reversible. 

(3) Various degrees of expansion may be obtained by different settings of the 
valve gear. 

(4) It runs well at all speeds if the steam is not superheated. 

Disadvantages . 

( 1 ) The cut off cannot occur earlier than at f ths of the stroke without intro- 
ducing excessively high compression. 

(2) There are considerable friction losses. 

(3) The steam is supplied and exhausted through a common port, which is 
therefore alternately heated and cooled, so that condensation losses are con- 
siderable.* 

(4) The dimension of the ports or passages which convey the steam to and 
from the cylinder are so great as to involve a large clearance volume, about 25 % 
of the swept volume. This increases the steam consumption. 

(5) Flat surfaces generally are difficult to lubricate, and are liable to warp; 
hence the valve is not suitable for controlling the admission of highly superheated 
steam. 

(6) In large engines the intense load on the valve due to the unbalanced 
steam pressure causes loss of useful work owing to friction. This also results in 
considerable wear of the valve and driving gear. 

Improvements on the simple slide valve. 

Friction may be reduced by shielding a portion of the upper surface of the 
valve from direct pressure by means of a relief ring, whilst in large valves a further 
reduction in the energy to drive the valve may be effected by shortening the travel 
or length of stroke of the valve through the use of double ports (see Fig. 105). 


Steam Chest Cover 



Fig. 105. Double ported valve fitted with a relief ring. 
* See p. 249. 
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Fig. 106 illustrates a modern form of balanced slide valve made by Andrews 
and Cameron of Kirkintilloch. 

The essential difference from the one shown in Fig. 106 is that the relief ring, 
with its unavoidable leakage, is replaced by a bridge piece which is initially kept 
in contact with the flat ported slide valve, and port-face, by means of a flat 
spring which bears on the steam chest cover. 



Fig. 106. 

Essentially the valve is a rectangular piston valve, and because of this it 
occupies less space than a conventional piston valve; the wear is less and is 
more easily corrected. 

Meyer expansion valve. 

To increase the range of cut off without introducing high compression Meyer 
devised a small expansion valve to work on the back of the main valve. 

Reference to Fig. 107 will show that the central portion of the main valve is 
really an ordinary slide valve except that its top face is machined parallel with 
its bottom face and provides a surface over which the expansion blocks 
reciprocate. 

Apart from controlling admission, release and compression the main valve 
also controls the latest cut off, so that the engine would run with this valve alone. 

For earlier cut offs the supply of steam through the end ports in the main 
valve is controlled by the expansion blocks which are driven by an eccentric set 
at about 90° ahead of the main crank. 

A swivel joint allows the expansion valve spindle to be revolved whilst the 
engine is in motion, so that the right- and left-hand screws — which connect the 
expansion blocks to the spindle — may vary the distance between the blocks and 
thus alter the cut off. As an alternative the distance between the blocks may be 
kept constant and the travel of the expansion valve varied. 
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The piston valve. 

A piston valve may be considered as a slide valve coiled into cy lindrica l form 
about the axis of reciprocation (see Fig. 108). This coiling relieves the valve of 
unbalanced forces due to steam pressure, and, with inside admission, the gln-nd 
is also removed from the h.p. steam, otherwise it does not possess any major 


Expansion Blocks 




Fig. 108 . Section of piston valve and a portion of steam cylinder. 


advantage over the slide valve. Reduced clearance and the fact that it cannot 
■ be lifted off its seat under undue compression caused by “linking up”, i.e. short- 
ening the stroke of the valve by moving the reversing link towards mid-position 
as is done when locomotives coast downhill, favour its use on locomotives. 

lhe valve is difficult to keep steam tight and occupies considerable spaoe. 
The Corliss valve.* 

If a slide valve were taken and coiled about an axis perpendicular to the avia 
of reciprocation we would virtually have a Corliss valve, except that only a 

* Corliss, an American, invented this valve in 1850 ; although he was not brought up . 
to engineering, or even connected with it, nevertheless he had a flair-for it. 
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portion of the original valve, and one port, ‘could be used for controlling the 
nf | m iflainn of steam. This therefore necessitates the use of two admission valves 
and two exhaust valves per cylinder (see Fig. 109), these valves being operated 
by a wrist plate that is driven by a single eccentric. 


Admission 



Fig. 109. Cylinder fitted with Corliss valves and operating gear. 


Advantages of the Corliss valve. 

(1) The use of independent steam and exhaust ports reduces condensation as 
well as the clearance volume. The quick and easily varied cut off is also conducive 
to great economy of steam. 

(2) The power to drive the valves is small because of the small angles through 
which they oscillate. 

(3) In horizontal engines the exhaust valves occupy the lowest position, so 
that cylinder drainage is almost perfect, 

(4) Separate steam and exhaust valves permit of independent adjustment of 
the points of admission, cut off and release. 
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Disadvantages. 

(1) The valves and barrel in which they work, through being discontinuous 
along their length, are not easy to machine precisely. 

(2) The edge of the valve is liable to catch on the edge of the port unless the 
valve is very rigid against bending. 

(3) The sliding surfaces make the valve unsuitable for the admission of super- 
heated steam. 

(4) If the cut off is to be sharp some form of trip gear* must be employed, and 
this limits the speed of the engine to about 150 r.p.m. 

Drop valves (Double-beat valves). 

In Fig. 1 10 is shown a mushroom valve, from which it will be seen the effective 
force resisting opening of the valve is approximately - p 2 ). 

If now a similar valve is attached to some spindle, as in Fig. Ill, and the pres- 
sures are arranged to oppose each other, a balanced system will result; so that. 



Fig. 111. 


neglecting friction and inertia, no force will be required to operate the valve. 
In addition to this obvious advantage, when this valve is used to control the 
steam supply to a cylinder, the valve gear allows a sharp and widely variable cut 
off, the clearance volume is often small because the valves can be placed close to 
the cylinder bore. The main advantages of this valve are: absence of sliding 
parts permits the use of superheated steam, separate valves for admission and 
exhaust reduce cylinder condensation (see p. 249) and allow admission and ex- 
haust events to be set independently, and the lift need only be one half that of 
a mushroom valve. 

* See p. 238. 
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The main disadvantages of drop valves are their high initial cost owing to the 
complicated casting, the difficulty of making both valves to seat simultaneously, 
and that at high temperatures the valve and casing expand differently. 

If the valve is operated by trip gear it is not easily reversible. 



Fig. 112. Cylinder fittod with drop valves. 


By the use of drop valves, operated by cams, the modern steam engine follows 
closely internal combustion engine practice. The main difference is that the cams 
are frequently oscillated by eccentrics driven by a lay shaft which extends the 
whole length of the engine, and runs at the crank-shaft speed; whereas in four- 
stroke internal combustion engines the lay shaft runs at half the engine speed. 
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Trip gears. 

In all trip gears variation in the cut off is obtained by breaking, at an instant 
determined by the governor, the connection between the valve and the eccentric. 

In the gear shown in Fig. 1 13 the duration for which A and B are in contact is 
determined by the radius r, and the height h of the lever connected to the governor. 
With an increase in speed h increases, and the gear trips earlier. After tripping the 
oombined action of a spring and a dash pot close the valve. 



Oil-operated valve gear. 

The noise, wear, and limited speed of conventional trip gear can be avoided 
by using oil under pressure for lifting the drop valves. One form of oil-operated 
valve is shown in Fig. 114, where a hollow plunger A is reciprocated by an eccentrio 
carried on a lay shaft. 

On the outward motion of the plunger oil is drawn through the ball valves B, 
which close on the return stroke, so that the pressure in the chamber D is raised 
sufficiently to lift the drop valve through the medium of the differential piston E . 

Lifting continues until the oil ports F are uncovered by the governor sleeve 0. 
This action causes immediate release of the oil pressure in D, whereupon the drop 
valve is brought rapidly — though gently — to its seat by the combined action of 
a spring J and a dash pot H. The operation is then repeated. 

Advantages of oil -operated valve gears. 

(1) A wide range of cut off is possible without imposing a limit on the engine 
speed. 

(2) Very little effort is required by the governor to vary the cut off. 
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When a conde nsing uniflow engine is set to run non-condensing the additional 
clearance spaces, which are situated in the cylinder cover and are valve con- 
trolled (see Fig. 115), are put into communication with the cylinder barrel so as 
to limit the compression pressure. 



Fig. 115. Uni flow engine cylinder. 


Valve gear of the unifiow. 

The extremely short period which the valve is open requires a valve gear of 
the positive type, such as the “Lentz gear” (see Fig. 116). In this gear the 
number of joints is reduced to a minimum by fixing the cam roller direct on to 
the valve spindle. 

Pressure volume and temperature diagrams. 

In Fig. 117 is shown a diagrammatic sect ion of a uniflow cylinder with typical 
pv and temperature curves. 

Since the steam chest covers the cylinder end, heat radiated from it keeps the 
steam in contact with it fairly dry, whereas the steam in contact with the piston 
suffers a progressive increase in moisture content consequent on the conversion 
of heat into mechanical work. In Fig. 1 17 this increase is indicated by the density 
of black dots. 
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On compression the steam is dried and superheated, and a steady state exists 
between the temperature of the cylinder and the steam temperature, upon the 
maintenance of which depends the efficiency of the engine. 



Fig. 116. “Lentz” valve gear for drop valves. 



Fig. 117. Diagrammatic section through cylinder of unifiow engine. 


Suitability for superheated steam. 

Because of the use of drop valves, the absence of packing in single-acting 
engines, and the large exhaust area, the engine is eminently suited for using 
superheated steam, although the natural reduction in cylinder condensation of 
the uniflow engine does not allow the same increase in thermal efficiency to attend 
the use of superheated steam as in other types of engines. 


wn b 


(6 



242 The Reciprocating Steam Engine 

Single-cylinder uniflow engine. 

The High efficiency obtainable from a single cylinder enables compound ex- 
pansion to be dispensed with, whilst the length of the double-acting cylinder 
makes the horizontal engine the most suitable type, engines 75 ft. in length not 
being uncommon. 

Unfortunately, a single cylinder gives poor mechanical balance, and a very 
variable crank-shaft torque; so that the engine must run slowly, and must also 
be provided with a large flywheel. Further, high compression, as in the Diesel 
engine, reduces considerably the work done per stroke; hence the engine is 
massive for the power developed. The exhaust ports weaken the cylinder where 
it should be strong, and special provision for draining the bottom side of a 
vertical cylinder must be made. 

Advantages of the uniflow engine. 

(1) High efficiency for all sizes of engines. 

(2) Simple and robust design. 

(3) The foundations are less costly than those of a compound engine of the 
same economy. 

(4) The steam consumption per b.h.p. per hour is almost constant at all loads. 
(Compare fuel consumption and indicator diagrams with those of the Diesel 
engine.) 

(5) The mechanical efficiency is high, because of the few moving parts. 

(0) The uniflow' engine responds well to the governor, since steam receivers, 
used in compound engines, are absent. 

(7) The cut off is well defined and variable over a wide range, and as a result 
there is greater economy of steam than in the case of throttle-controlled engines. 

(8) The thermal efficiency of a one-cylinder uniflow engine is as great as that 
of a triple expansion engine when fitted with slide valves. 


ESTIMATION OF THE POWER DEVELOPED BY A 

STEAM ENGINE 

The expansion curve. 

Leakage and re-evaporation in the cylinder of a steam engine make prediction 
of the actual expansion curve difficult; so it is customary to oonsider that the 
expansion is Hyperbolic, i.e. it follows the law' pv = c. The simple expression 
for power that results from this assumption may then be rendered more exact 
by multiplying it by an empirical coefficient known as the Diagram factor. 
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Expansive engine without clearance or compression. 


Let v be the swept volume, r the hypothetical ratio of expansion, i.e. the total 
swept volume divided by the swept volume at cut off — or the valve setting of the 
engine in terms of the fraction of the stroke at which cut off occurs; then from 
Fig. 118 the net work done 


Pi v ,Pi v U„ „ „ „ 
— +-- lo S *r-p b v. 


If this work is represented by a rectangle of length v, the height of the rect- 
angle represents to scale the Mean effective pressure (m.e.p.) on the piston. 


Ideal m.e.p. = y {jjl + log, r] - p b . (1) 

| 

The work done per stroke | 

= Force x Distance moved i|i direction of the force 
= m.e.p. x Ai'ea of piston x length of stroke = PLA. 


h.p. developed 


PLAN 
33,000 ’ 


where N is the number of effective strokes per minute, 
A is the area of the piston in sq. in., 

L is the length of stroke in ft., 

P is the mean effective pressure in lb. per sq. in. 


The effect of clearance on the work done. 

The effect of clearance is to shift the pressure axis to the left (Fig. 118), and 
therefore to increase the total volume at any point on the expansion stroke. 

Let av be the clearance volume, then the true ratio of expansion = Total 
volume at end of expansion divided by the total volume at the beginning of 

fl(l-t-a) 

expansion = • 

Total work done per stroke 

= P ~ +PMl/r + o) log, -Pb”. 

M.E.P. = Pi lOg. ° (2) 

When a » 0 it will be seen that (2) becomes (1), above. 
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The effect of clearance and compression on the work done per stroke. 

To effect economy in steam consumption (see p. 254), and also to relieve the 
bearings of shock due to inertia loads, it is customary to stop the exhaust before 
the end of the exhaust stroke, and to compress the steam trapped in the cylinder. 
The immediate effect of the compression is to reduce the power developed by an 
engine of a given size, and also to reduce, to a greater extent, the steam con- 
sumption, so that the net result is a gain in economy. 


Work Done. v 

on Admission ** E-Jr 


-B 


Work Don* v 
on Expansion * tyr- Log, 


Work Done 
on ExhAuvr » p b v 


Ntr Work Doni 
per Stroke. 







Expansive Engine Without Clearance 



Expansive Engine With Clearance 



Expansive Engine With Clearance, 
ano Compression 


Fig. 118. 


Let bv be the volume of steam trapped in the cylinder towards the end of the 
exhaust stroke; then from Fig. 118 the work done on hyperbolic compression 

— log** &nd that done on exhaust = p b {v + av — bv). 

r lhe modified form of equation (2), p. 243, then becomes 


.( 3 ) 
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It should be observed that this is the most general expression for the work 
done, and that when b = a, equation (2), p. 243, results, whilst when b = o = 0, 
equation (1) results. 


The actual work done (Diagram factor). 

The frictional resistance that attends the high velocity flow of steam, and also 
heat losses and imperfections in the valve gear, cause the actual work done to 
be less than that given by equation (3). In design work, therefore, advantage 
is taken of the simple form of equation (1) for estimating the ideal m.e.p., the 
actual m.e.p. being from O' 6 to 0'8f> times this. 

In Kg. 119 an actual indicator diagram is superposed on the ideal diagram 
which ignores clearance and compression. 


Governor 

Drop 


Stop Valve Pressure* 

, Wire Drawing 


Lost Work 
pu «*c 

“'Resistance or Exhaust 

Zero Pressu re 

Volume u 
Fig. 119. 



Diagram factor c =* 


irca 




actual M.E.i*. 
^[1 + log,r]-^ e 


Ex. Hypothetical indicator diagram. 

Steam is admitted to a single-cylinder engine at a pressure of 200 lb.. per sq. in. abso- 
lute, and cut off takes place at J of the stroke. The back pressure is 17 lb. per sq. in. 
absolute and the clearance ratio is Draw the hypothetical indicator diagram and 
obtain the mean effective pressure, assuming a diagram factor of 0*8. 

If the cylinder is 8 in. diameter, and the stroke is 10 in., calculate the i.h.p. developed 
when the engine speed is 250 r.p.m. 

r = 4, a = iV 


m . e . p . - T + M 0 ( re + iM (®)- 17 


= 50+70 log e 3- 143- 17 = 1131 lb. per sq. in. 
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Actual m.e.p. * 0*8 x 113-1= 90-6 lb. per sq. in. 

113-1 x n x 64 x 10 x 250 x 2 __ 37-7 x n x 80 x 25 
i.h.p. - 47fj 2 x 33,660 3,300 

Actual i.h.p. = 0-8x71-8 = 57-4. 


Ex. Cylinder diameter and horse-power of a locomotive. (B.Sc. 1930.) 

The steam supplied by the boiler of a two-cylinder locomotive is dry and saturated 
at 195 lb. per sq. in. The driving w! e :1s are 6 ft. 6 in. diameter. Calculate the diameter 
of the two cylinders which have 28 in. stroke so that the tractive force at 20 m.p.ii. may 
be 4-5 tons when the cut off is at 0-5 stroke. Assume a mechanical efficiency of 80 % and 
take a diagram factor of 0-65 which neglects clearance, has hyperbolic expansion and 
exhausts at 18 lb. per sq. in. 

What is the i.h.p. of the engine at this speed? 


h.p. to be developed on the draw bar 


20 

60 


x88x 


4-5x2240 
" ' 550 " 


537-0, 


* 


r.p.m. 


20 88x60 
60 X 71x6-5 


86 - 2 . 


h.p. to be developed per cylinder 

,28 i 

12 X 33,000 ~ 0-8 ~ 2 ’ 


„ 28 A x 86-2 537 1 

= 2 X P X ~ X ~ X ; 


m.e.p. x Area of piston 


5 37-0x1 98,000 
0-8 x 28 x 86-2 x 2 , U ’ 


M 


E.p. = Diagram factor | ^ ( 1 + log, r) — p t | 

= 0-65 £ g-- ( 1 + log, 2) — lS^jj = 95-5 lb. per sq. in. 


27,750 
95 -i 


A — -„ !r-=-. Diameters 19i in. 
)-5 • 


537*0 

i.h.p. of engine at this speed = - = 672. 

U*o 


Ex. Cylinder dimensions for an engine having clearance. 

Find the diameter and stroke of a double-acting steam engine which shall develop 
30 indicated horse-power at 180 r.p.m. Make the following assumptions: Steam 
pressure = 100 lb. per sq. in. by gauge; exhaust at atmospheric pressure = 16 lb. 
per sq. in. absolute; cut off at 0*4 stroke; clearance =*10% swept volume; diagram 
factor 0*8; stroke = 1*6 diameters. 


M.E.P. 


^ + (0* 4+ 0-l)l°g # (~t^L)J-_i5| = 0i-i lb. per sq. in. 


h.p. = 


PLAN 


33,000 9 

where N is the number of working strokes per minute. 
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_ird z \-bd _ nd? on _ 61-l7ri s x 180 x 2 
T * 12* “ 32 ’ dU ~ 32 x 33,000 

d ss 7*68 in. 

Stroke = 11*5 in. 


Ex. Cut off and throttle control. 

Assuming hyperbolic expansion, a diagram factor of unity, and neglecting clearance 
volume, calculate the steam consumption anil horse-power developed in the case of a 
single-cylinder engine 12 in. diameter and 18 Jn. stroke, running at 150 r.p.m., if 

(1) The inlet pressure is kept constant at 100 lb. per sq. in. and the back pressure 
constant at 15 lb. per sq. in., and the ratio ofjexpansion has values 

2, 3, 4, 5, 6,|8, 10, 15. 

(2) The ratio of expansion is kept constant and the back pressure constant at 15 lb. 
per sq. in., but the inlet pressure has values | 

100, 90, 80, 70, 60, 50,40, 30 lb. per sq. in. 

Take the constant ratio of expansion as 3. 

Plot curves on a horse-power base showing the steam consumption per hour, and also 
per horse-power hour. Neglect cylinder condensation. 

m.e.p. = jj?(l + log e r)-p,,J. (1) 


H.P. 


(M.E.P.) LAN 18 7TX12 8 300 

33,000 — m.e.p. x jg x 4 * 33,000 ‘ 


h.p. = 1-641 m.e.p. 


( 2 ) 


The specific volume of dry saturated steam at 100 lb. per sq. in. is 4-45 cu. ft. per lb. 
The swept volume of the cylinder is 1*177 cu. ft.; hence, neglecting condensation, the 

1*177 

mass of steam in the cylinder at cut off is — - -- lb., and the steam consumption in 


lb. per hr. 


J-177 
r x 4*45 


x 300x60 


4730 

T 


( 3 ) 


By assigning the given values to r equations (1), (2), (3) will give the information 
required for plotting curves 1 and 2, Fig. 120. 


Throttle control. With r constant and equal to (3) the steam consumption 


1*177 


3 x Specific volume 


x 300 x 60 


7062 


Specific volume # 


( 4 ) 


By pressures of 100, 90, etc. the corresponding value of the specific volume 

can be obtained from steam tables, and hence equations (1), (2) and (4) evaluated. The 
results are plotted in curves 3 and 4, Fig. 120. 
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Horse Power 

Fig. 120. 


Estimation of the steam consumption of an engine from the indicator 
diagram. 

If the steam has dryness x at the point of cut off, and the specific volume at 
pressure p x is v Bl , then the total weight of steam present 

_ v(a+llr) lh „ 

This steam has not been supplied entirely from the boiler; because a mass 
v x bjv ae \b. was trapped on the exhaust stroke, v ae being the specific volume at 
pressure p t , . 

Hence the net steam supply per revolution, for a double-acting engine, is 


% x 


(a+l/r) 


, _ v x b \ 


At a speed of N r.p.m. the steam consumption per hour for a double-acting 
engine 

Lv v ee J 

* For the meaning of the symbols see pp. 243, 244. 


•( 1 ) 
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Over the pressure range commonly covered by reciprocating engines the 
relation between pressure and density of steam is approximately linear, i.e. 


Density p — - = (mp + c), 


•( 2 ) 


whence, by (2) in (1), 

Steam per hour = 1 20iW ~ j - b(mp b + c) J lb (3) 


If N and x remain constant, whilst the power output is controlled by throttling, 
the only variable in 3 is p x ; so that a linear relation should exist between the steam 
consumption and the h.f. chest pressure, so long as x is unchanged. 


I.M.E.P. of engine = Diagram factor 


L r 


(l+log c r)-p 6 


]• 


Hence 


by (4) in (3). 

Steam in lb. per hour 


O, ,,’i, , 12 LAN 

*] 


r p tH.P. x 33000 


1 + log K r |_ 2LAN(v.v.) 


•( 4 ) 


= 120iV?; 


I mr fl.H.P. x 33000 1 )/a+llr\ 

L!iTloRrbMA’(6.F.) +m 'J + f !V + 


Hence a linear relation should exist between the steam flow and the i.h.p. 
This was established experimentally by Willans in 1888, and is known as Willans’ 
line. It is applicable to turbines as well as reciprocators. Fig. 120 compares the 
steam consumption for throttle and cut off* control. 


Quality of the steam in an engine cylinder. 

In a simj)le type of steam engine, using saturated steam, between 20 and 50 % 
of the total weight of steam supplied per stroke is condensed before the point of 
cut off is reached, although subsequent re-evaporation prevents it issuing as a 
stream of water from the exhaust pipe. 

Mr D. K. Clark, in his book The Steam Engine , first drew attention to this 
phenomenon, but engine drivers were well aware of it years before. 

The causes of the presence of water are : 

(1) Wetness in the steam supplied from the boiler due to forcing the boiler. 
This carrying over of water into the main steam pipe is known as “Priming”. 
Wetness may also be caused by radiation from the steam pipe. 

(2) Condensation in the cylinder due to the high-pressure saturated steam 
meeting a surface previously chilled by the exhaust steam. This is considered the 
most important of the three causes of cylinder condensation. 

(3) Radiation and the performance of mechanical work at the expense of the 
internal energy in the steam cause condensation after cut off. 
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The extent to which condensation occurs during expansion depends upon the 
ratio of expansion, the speed of the engine, and upon the surface available for 
radiation. With a moderate ratio of expansion in a small engine, there is often 
sufficient heat available in the engine cylinder to cause re-evaporation on the 
expansion stroke and, always, on the exhaust stroke. 


To find the dryness after cut off. 

A calibrated indicator diagram will give the volume and pressure at any point 
of the stroke, but it can give no indication of the weight and condition of the 
steam present. To obtain the dryness fraction of the expanding steam the exhaust 
steam must be condensed, and its rate of flow thereby determined. From this 
measurement “cylinder feed” 

Total weight of exhaust steam 
= Number of strokes occupied in exhausting the steam* 


The cylinder feed, however, represents but a portion of the contents of the 
cylinder, since the steam trapped in the clearance space, during compression, 
may be regarded as never exhausted. Neglecting leakage, total weight of wet 

v "X. b 

steam in cylinder at cut off - Cylinder feed 4 . 

V 8C 

vb is the total cylinder volume at the commencement of compression where the 
steam may be regarded as dry and saturated, having a specific volume v se . 

The weight of dry steam accounted for by the indicator diagram is equal to the 

ratio Swept volume vfr at cut off + Clearance volume av 

Specific volume v a of dry saturated steam at the cut off pressure p' 


By the definition of dryness fraction x , p. 130, 


Dryness fraction at cut off = 


(v/r) + av 


^(Cylinder feed 4*vx b/v s( ,) 0 


By reference to steam tables the specific volume of dry saturated steam at 
pressures p v p 2 > jPs> ©tc. ma y be obtained, 
and on multiplying these volumes by the 
total mass of steam in the cylinder the 
saturation curve (Fig. 121) may be plotted 
on the indicator diagram. 

From this curve, in the absence of leak- 
age, the ratio aejab represents the dryness 
fraction at any particular point during 
expansion, the mass of steam represented 
by the length cb being known as the miss - J V c 

ing quantity. Alternatively the missing u 

quantity may be regarded as the difference Fig * 12 L 

between the actual weight of steam present in the cylinder and the indicated 
weight of dry saturated steam. 
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Ex. Dryness fraction of steam in a cylinder. (Senior Whitworth 1922.) 

Determine the dryness fraction of the steam in a cylinder at 0-7 of the stroke from the 
following data: 

Cut off 0-5 stroke; clearance 8 %; pressure of steam at 0*7 of stroke = 601b. per sq. in. 
absolute and at 0*8 of return stroke on compression curve = 19 lb. per sq. in.; 
r.p.m. = 100; steam condensed per min. = 99 lb.; volume of 1 lb. of steam at 601b. per 
sq. in. = 7*03 cu. ft.; volume of 1 lb. of steam at 191b. per sq. in. = 20*8 cu. ft.; swept 
volume » 3-75 cu. ft. * 

Discuss assumptions made in answering tjfoc question. 


Swept volume at 0*7 of strode = 0*7 x 3*75 = 2*62 cu. ft. 

Clearance volume = 0*08 x 3*^5 

= 0-3 

Total volume at 0*7 stroke | 

= 2*92 ou. ft. 

Mass of cushion steam = (0*#8-f0*2) 

* = 0-0504 lb. 

i()-n 

| (j0 

Cylinder feed for n.A. engin# = 

= 0-495 

Total mass in cylinder 

= 0-5454 lb. 

2*92 

Indicated mass after cut off = - 

= 0-4150 

Missing quantity 

= 0-1304 lb. 


Dryness fraction = = 0-762. 

Assumptions. Leakage is ignored. Cylinder feed and cushion steam are taken as 
dry saturated. 


Ex. Jacketed cylinder. (B.Sc. 1924.) 

The pressure indicated at cut off in the cylinder of a jacketed steam engine is 751b. 
per sq. in., the volume is 0-45 cu. ft. and dryness fraction of steam is 0*73. If the values 
of pressure and volume at release are 34*2 and 1*05, find the heat which passes through 
the cylinder walls during expansion. Assume pv n — c. 

Heat added = Work done -f Change in I.E. 


Work done = ~~ 
n~l 



= W. 


To determine n, we have Jf = 

75x0*45* = 34*2x1*05*, 



n * 0*928. 


W 


T&x 144 
(0*928 


0 928j--l 
1-928 


75x144x0-45 

0*072 


x0*45| / 1_ Y~o» 

-1) L \2*193/ 

|(2-193)‘ 1 2 L »8_i| — 4260 ft. -lb. 


The change in i.b. = • 
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To evaluate f/ 2 we must know the dryness fraction x 2 at the end of expansion, thus: 
Let v, be the specific volumes of dry saturated steam, and w be the mass of steam. 

u’X x v, t = 045, x t = 0-73, v ti — 5-82, v H = 12-18. 


045 

W 0-73x5-82 


0-1059 lb. 


At the end of the expansion, wx 2 v t9 = v 2 . 

1 '05x0-73 x 5^82 
0-45 x 1216 


Zo = 


0-817. 


h at 751b. per sq. in. 

= 153-0 C.H.u. 

h at 34-2 lb. per sq. in. 

= 125-8 

x L at 75 lb. per sq. in. 

= 0-73 x 505 = 368-0 

x, at 34-2 lb. per sq. in. 

= 0-817 x 523-2 

= 427-0 

H x 

= 521-0 

H, 

= 552-8 

75x144x0-73x5-82 ot> 0 

./ 1400 - 52 8 

p 9 v 2 34-2 x 144x0-817x12-16 
J 1400 

= 34-9 

J.E., 

= 488-2 

I.E.* 

517-9 


(I.E.js-I.E.j) = 

29-7 c.h.u. per lb. 


Change in i.e. 

of the cylinder contents = = 3-15 

0-73x5-82 


Work done 


4250 

: 1400 = 3,04 


Heat added in c.h.tj. 

= 649 



Solution using the T4> diagram. 

Knowing the condition of the steam at the beginning and end of the expansion, the 
heat added may be scaled from the Tcj) diagram, as shown in Fig. 122. This area 
measures 0-7 by 16-4 in., and represents 57-4 c.h.u.; 
hence the heat added to the actual steam 

= 0-1059 x 57-4 = 6-08 C.H.u. 

The additional work, in excess of that done on the 
Uankine cycle, is represented by the triangle A BC 
and scales 0-208 c.u.u. 

Ex. Expansion of steam, and heat loss to cylinder 

walls. (B.Sc. 1939.) 

Steam of dryness fraction 0*96 expands in a cylinder 
from a pressure of 300 lb. per sq. in. down to 15 lb. 
per sq. in., the expansion following the law pv 102 = c. 

Determine the final state of the steam and the heat 
exchange which occurs between the steam and the 
cylinder walls per lb. of steam. 



Fig, 122. 




The Reciprocating Steam Engine 

Specific volume of steam initially = 0-96 x 1-543 = 1-481, 

300xl-481™ 2 == 15xt> 102 . 


253 


Final volume = 1-481 x 


/300\ri)2 

\ 15 / ~ - 


27-85 cu. ft. 


Specific volume at 151b. per sq. in. = 26-27; hence the steam is superheated. 


27-85 ^ 


2-2436.(//-464) 
15 “ ’ 


,\ Final total heat = 650-3 c.n.u. 

Degree of superheat =25° C. 

Heat added = Work done -f Change in iJE. = + // a — II t 


Work done on expansion = 


PiVi-Wh 

J{n- 1) 
144 


1400x0-02 


[300 x 1-481 -15x27-85] = 133*7c.h.u. 


Final total heat = 650*3 

Initial total heat = (219 + 0-96 x 450) = 650-5 
Gain in total heat = —0-2 


PiVi-p z v 2 

J 

Gain in i.e. 
Work done 


= +2-674 


= 2-474 c.n.u. 

= 133-7 


Heat added 


= 136-174 


Methods of reducing cylinder condensation. 

Superheating.* 

It is well established that in the absence of nuclei on which condensation can 
proceed, the steam temperature may be dropped considerably below saturation 
temperature without undue condensation taking place. One of the best methods 
of combating cylinder condensation is therefore to superheat the steam so as 
to remove the droplets of water. Unlike a saturated vapour a change in the heat 
content of a superheated vapour is accompanied by a change in temperature. It 
follows that a reduction in temperature of the vapour tends to suppress the heat 
loss. A wet vapour has also better heat transmission qualities, and, since its 
density is greater, the leakage through a given opening is also greater. 

* Superheating was introduced by Trevithick in 1828, but Hirn of Alsace was the first 
to discover the reason for improved economy (1555). 
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One of the most noticeable improvements that attend the use of su; 
steam in an engine of suitable design is the flat specific steam consumption curve, 
and the specific steam consumption is almost independent of the size of the engine. 

The major difficulties with superheated 
steam are: 

(1) control of the superheat tempera- 
ture; 

(2) thermal expansion; 

(3) the cutting action of the steam on 
the values; 

(4) accumulation of soot on the super- 
heater tubes; 

(5) lubrication of the cylinder and 
valves. 

(6) creep of metals when subjected to 
stress at high temperatures. 

Because of these difficulties 750° F. 
appears to be the safe upper limit of 
temperature, and even then special 
metals must be used. 
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Jacketed cylinder. 

James Watt introduced the steam 
jacket to reduce cylinder condensation, 
but because of its limited surface, temper - 


Fig. 123. Comparative curves showing 
the performance of a high-speed triple 
expansion engine using steam having 
various degrees of superheat.’ 1 ' 


ature difference and the short time available for heat flow it is effective only on 
slow speed engines. 


Reheating. 

The defects of the steam jacket may be avoided in multiple expansion engines 
by directing the exhaust steam from each cylinder to a separate heater which 
may be incorporated in the boiler or fitted on the engine where it is supplied with 
highly superheated steam. In the North Eastern marine engine, illustrated in 
Fig. 124, there are three cylinders, the high-pressure and intermediate cylinders 
being placed at the ends of the engine so as to accommodate poppet valves, the 
reheater lying horizontally between these cylinders. Superheated steam, on its 
way to the high pressure cylinder, flows through U tubes in the reheater, whilst 
the steam exhausted from the high-pressure cylinder passes over the outside of the 
tubes, f 

♦ Proc . In8t . Mech. Eng . p. 300 (1905). 

t A numerical example on this engine is given in the Appendix. 
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reheating it is possible to maintain the steam in a superheated state through- 
out the entire expansion, whereas on the straight Rankine cycle this would 
involve unmanageable superheats. 

Obviously with the exhaust superheated the heat loss to the condenser per lb. 
of steam flowing is greater, but the smaller specific steam consumption, conse- 
quent on improved efficiency, causes the net heat loss to be less than with wet 

steam. 



Fig. 124. 


Cylinder proportions and rotational speed. 

From a consideration of the surface area exposed to high temperature, and also 
in respect of the clearance volume which must be supplied with high-pressure 
steam at each working stroke, and which makes little contribution to the work 
done, the long stroke engine is superior to the short stroke engine. 

Conduction of heat, however, depends upon time as well as surface area, so the 
higher the rotational speed the smaller the condensation. However, to limit the 
piston speed and inertia forces the stroke must be shortened, and this produces 

a disproportionate increase in the percentage clearance volume. 

With high-speed engines it is, therefore, imperative that the ports are short, 
*■ and the mechanical clearance, between the piston and cylinder cover, reduced to 
a minimum. 
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COMPOUND ENGINES 

On p. 227 it was shown that the work done per lb. of steam could be considerably 
increased by allowing the steam to expand, but in practice it has been found that 
to avoid a greater loss from condensation than gain from expansion, the expansion 
ratio per cylinder is strictly limited. Willans* experiments on steam engines led 
him to conclude that, from an economy standpoint, the ratio of expansion per 
cylinder should not exceed 

Pressure range, cut off to exhaust, lb. per sq. in. 

25 * 

This condition, however, does not restrict the Total expansion ratio, 
because, if cylinders are arranged in succession so that after expansion in one 
cylinder the steam is exhausted to the next, and so on, any expansion ratio may 
be obtained, and yet, per cylinder, Wilkins’ condition may be satisfied. 

This arrangement of cylinders gives rise to what are known as Compound 
triple and Quadruple expansion engines. 

The cylinder which receives the high-pressure boiler steam is known as the 
High-pressure (h.p.) cylinder, the last stage of the expansion being performed 
in the low-pressure (l.p.) cylinder, whilst in triple or quadruple expansion engines 
we have first or second intermediate pressure (l.p.) cylinders. 

In very large engines — for example, when the l.p. cylinder exceeds lOOin. 
bore — it is customary to fit two l.p. cylinders, thereby producing a four-cylinder 
triple expansion engine. Two L.p.’s are also used on high speed engines. 

The famous Webb’s compound locomotive had the reverse of this arrangement; 
there were two it.p. cylinders and one l.p. cylinder which produced the character- 
istic exhaust note of these engines. 

Advantages of multiple expansion.* 

By expanding the steam successively in two or more cylinders the following 
improvements result: 

(1) The temperature range per cylinder is reduced, with a corresponding 
reduction in condensation. 

(2) The loss from cylinder condensation is not cumulative, because re-evapora- 
tion in the early stages of expansion allows the later stages to expand the steam 
still further. 

The loss by condensation is therefore restricted to the l.p. cylinder. 

When using superheated steam compounding becomes less effective so that 
quadruple expansion engines are not now made, and the two cylinder compound 
is tending to displace the triple. 

(3) Lighter cylinders may be employed than in the case of a simple engine, 
because for a simple engine to utilise the same expansion ratio as a compound 

* Compounding was the invention of Hornblower, 1781. 
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engine would involve a cylinder strong enough to withstand the h.p. steam and 
voluminous enough to contain the l.p. steam. 

(4) Leakage past valves and piston is reduced because of the reduced pressure 
difference across these components. 

(5) Th$ greater economy of steam makes the fire boxes of transport vehicles 
last much longer than in the case of simple engines. 

(6) A simple type of valve gear may be used, even with a large total expansion 
ratio; since even then the expansion per cylinder may not be more than three to 
one, so that the slide valve may be employed. This advantage is particularly 
valuable in the case of reversible engines, j 

(7) The steam may be reheated after ekpansion in one cylinder, and before 

entering the next. This method, which was introduced by Mr Weir, arrests 
cylinder condensation. [ 

(8) The forces in the working parts are Reduced, as the forces are distributed 
over more components. 

(9) The turning moment is improved if the tandem arrangement is avoided. 
Even if simple cylinders have the same crank arrangement as a compound, the 
turning effort is not so uniform because of the greater pressure difference in the 
simple engine. 

(10) Mechanical balance may be made more nearly perfect, and therefore high 
speeds are possible. Speed itself is conducive to improved thermal economy, and 
if, as frequently happens, the driven machine runs at a high speed, direct coupling 
is possible. 

(11) The engine may start in any position. This is of advantage in marine work, 
locomotive work and mining work, although for winding in mining it is said that 
the cage is more difficult to manipulate with a compound engine than in the case 
of the simple engine, because of the steam in the receiver (p. 258). 

(12) By making the cranks and connecting rods identical fewer spare parts 
need be stocked. 

(13) In the event of a breakdown, the engine may be modified to continue 
working on reduced load. This is a valuable asset in marine propulsion. 

(14) The cost of the engine, for the same power and economy, is less than of a 
simple engine, because of the very heavy “ Scantlings’ ’ (i.e. connecting rods, 
etc.) that would be required if all the work were done in one cylinder. Although 
more numerous, the scantlings of compound engines are much lighter and 
therefore cheaper. 

Methods of compounding. 

To ensure interchangeability of parts it is customary to arrange the cylinders 
with equal strokes, and to adjust the crank angles so as to secure reasonable 
balance and torque, combined with the ability to start in any position. Frequently 
all these conditions cannot be satisfied simultaneously, so a compromise has 
to be made, which often results in the h.p. cylinder exhausting at a time when the 
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l.p. cylinder is not requiring steam. Provision must therefore be made in the 
form of a receiver for the storage of the steam. 

In most engines the connecting pipes and steam chests have sufficient volume 
to prevent undue pressure fluctuations on the exhaust from the H.p. cylinder. 


Estimation of cylinder dimensions. 

A problem which presents considerable difficulty to beginners is that of 
estimating cylinder dimensions of a compound engine by first concentrating on 
the l.p. cylinder, and regarding it as capable of 
developing the combined power of the h.p. and 
l.p. cylinders, when supplied with the same 
mass of high-pressure steam as originally sup- 
plied to the h.p. cylinder. 

That, in the absence of condensation and 
other losses, this is true may be appreciated 
from Fig. 125, where the separate indicator 
diagrams for tho h.p. and l.p. cylinders are 
combined on to a single diagram, abode, the 
average height of which is representative of 
the power of the engine, and is known as The 
mean effective pressure referred to the 
low-pressure cylinder. 

In this diagram we assume that the expansion curve is continuous so that the 
swept volume of the l.p. at cut off is equal to the total swept volume of the h.p. 

Now consider the effect of making the L.p. cut off earlier, but leaving the h.p. 
cut off unchanged. At cut off the l.p. cylinder is now incapable of containing the 
expanded steam from the h.p. so the n .p. piston on its return stroke must compress 
this steam until the volume can be accommodated. This compression raises the 
receiver pressure and increases the work done by the l.p. cylinder at the expense 
of the h.p. In the limit, when the l.p. cut off volume is equal to the h.p. cut off 
volume, the negative work done on compression is equal to the positive work so 
the H.p. cylinder becomes ineffective and the l.p. takes the entire load, although 
not with tho same economy of steam. #, 

The M.E.r. referred to the L.p. cylinder may be computed from the equation 


Continuous 
Expansion Curve 





Volume 

Fig. 125. Combined indicator 

di fl.crrn.nv 


m.e.f. = Diagram factor x |j| (1 -(-log* JE)-p 6 J, (1) 


where R = 
expansion. 


Swe pt volu me of l.p. cylinder 
Cut off volume of h.p. cylinder 


and is known as the Total ratio of 


i.h.p. = 


m.e.p, x£xixJx2 
33,000 ’ 


( 2 )'. $ 

In the design of an engine the power, speed , initial pressure p x and back pressure , 
Pi are usually known, so from the equations (1) and (2), with a tentative value 
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of the diagram factor, there are but two unknowns: the length of the stroke L 
and the area of the piston A. 

Now the length of the stroke is determined by the rotational spoed N, and the 
ability to lubricate the piston — and it is inadvisable to run with piston speeds in 
excess of 850 ft. per min. 

Average piston speed = 2 LN f.p.m. (3) 

From equations (1), (2) and (3) therefore the bore of the l.p. cylinder may be 
readily determined. j 

For the H.F. cylinder the conditions are fiot anything like so rigorous, since we 
could arrange this bore so as to secure i 

r 

(а) An equal temperature drop per expansion to obtain economy of steam. 

(б) Equal development of work by the i&f. and L.r. cylinders to give a uniform 

turning moment. f 

(c) Equal initial loads on the pistons so 
that L.F. and H.F. rods and gear may be 
stressed to the same extent. * 

In practice it is customary to strike a 
mean between equal initial loads and equal 
work — a compromise which causes a loss 
of energy due to unrestricted expansion in 
the receiver (see Fig. 126). 

Although this pressure drop after release 
is wasteful, yot it is partly counterbalanced 
by the drying effect on the steam which it 
produces. 

For equal initial loads on the pistons 

(Pi~Pa) area of h.p. piston = (p 3 —Pb) area of h.v. piston. 

If this condition is satisfied, the work done per cylinder is 

h.p. work per stroke = (1 + log* r t ) -p 3 « 2 j diagram factor, 

n.p. work per stroke = ( 1 + log e r 2 ) -p 6 v 4 j diagram factor, 

where r x is the expansion ratio for the h.p. cylinder and r 2 that of the l.p. cylinder. 



Ex. Cylinder dimensions and receiver pressure. 

Estimate the cylinder dimensions of a compound engine to develop 500 i.h.p. at 
120 r.p.m. Initial pressure 120 lb. per sq. in. absolute; back pressure 4 lb. per sq. in. 
absolute; allowable piston speed 500 f.p.m. ; ratio of cylinder volu me 3-5; diagram factor 
•0*86; cut off in h.p. at 0-4 stroke. 
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If cut off in l.p. is at 0-53 stroke, determine the approximate l.p. receiver pressure 
and compare the initial loads on the pistons 
Assume no clearance. 

Total ratio of expansion = v * = % * = R. 

Vg X U‘t 

• *-£-8.75. 


m.e.p. for the whole engine referred to L.P. 

= ^(l+]og e ^)-p 6 


120 

8-75 


(l-f2-31og, 0 8-76)-4 = 39-5. 


Actual m.e.p. = 0-85 x 39-5 = 33-6 lb. per sq. in, 

2 PLAN 33 - 6.4 x 500 



I.H.P. = 


33, 0(H) 


33,000 


= 500. 


T,. . , „ /33.000 4 

Diameter of l.p. = A - 00 a- x - = 35-4 in. 

N 00*0 7T 


Diameter of h.p. = 


Stroke 


35-4 

V3-5 

500 x 12 
: 2x120 


= 18-93 in. 

= 25 in. 


For hyperbolic expansion J)\ v i — 


120 xF 


Vo 8-75 x 0-53 V' 


Receiver pressure p 3 = 25-9 lb. per sq. in. 


Load on h.p. 
Load on l.p. 


7 ^ 1 x (the strokes being equal) 

iPz-Pt) v i 

( 120 — 25 * 9 ) 1 122 

( 25-9 - 4 - 07 X 3 - 5 “ 1 * 


Ex. Cylinder diameters for developing equal powers. (London B.Sc. 1922.) 

A compound engine is to develop 125 h.p. at 110 r.p.m. Steam is supplied at 105 lb. 
per sq. in. and the condenser pressure is 3 lb. per sq. in. Assuming hyperbolic expansion 
and an expansion ratio of 15 , a diagram factor of 0-7 and neglecting clearance and 
reoeiver losses, determine the diameters of the cylinders so that they may develop 
equal powers. Stroke of each piston = l.p. cylinder diameter. 

M.E.P. referred to l.p. = 0-7 {1 +log, r} — 

“ 0*7 jjjg {1 + 1<% 15} — sj =s 16 lb. per sq. in. 
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I 6 xdxnd 2 x 110 x 2 
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12 x 4 x 33,000 


= 125. 


Equivalent Single Cylinoer Engine 


, s / 125 x 4 x i2 x 33^000 

d = / Vfl Via = 26*16 in. 

V 16x7rxll0x2 


Work done in h.p. = p x v x +p x v x log^- — p 2 v 2f 

P 2 

but p X V x = p 2 V 2 . 

# \ Work done in h.p. = p x v x log,,-- 1 . 

P% 

Work done in L.r. = ^•> v 2 +/ J 2 v 2 l°g/ 2 ~ P&V#- 

P 3 * 

*1 

Equating work done in h.p. cylinder to thjat 
done in the l.p. cylinder: * 

Pi^og e r x « p*v 2 +fyv 2 \o% e r 2 -p h v 2 . 

^»a = 2Wl+|og < ,r s -log e r 1 ]. 



Whence 

But 


= 15 (given). 


••• lo ^? = 


r 3 


r, |_105 


x 15 




Fig. 128. 


also 


r 2 = - 3 and r x = 

® a, * i 


V , 


, r 2 . Vo v x 

io& r ;-iog.Jx-;, 

, v\ , 3x15 ... 

l0g *T5tTf ==1_ 105 =0 ' 672 0r 7’ 


1 °g e -|-l°g e 1 5 = 7 . v . 


Ratio of expansion for h.p. cylinder = -- = 5-16; 


!« 15x1-772. 


also 

Hence 




15 


v x v 2 5*16 


Ratio of l.p. expansion 


15 


: 2*905. 


... , n 26-16 3 

Volume of h.p. =» g x 2^05 = - 4 - * 26 16 > 


/26*f6 2 = 

V 2-905 


15-33 in. 


Cylinder diameters are 15-33 and 26-16 in. 
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Ex. Power developed by a compound locomotive. (B.Sc. 1034.) 

What are the advantages of compounding; and what factors govern the ratio of 
cylinder volumes employed ? 

Est im ate the horse-power developed by a four-cylinder compound locomotive given 
the following particulars: Steam pressure 400 lb. per sq. in.; exhaust 20 lb. per sq. in.; 
diameter of the two ij.p. cylinders 10 in.; diameter of the two l.p. cylinders 20 in.; 
stroke 26 in. for all cylinders; h.p. cut off at 0-55 stroke; l.p. cut off at 0-36 stroke; 
r.p.m. 140. 

Assume hyperbolic expansion; and take a diagram factor of 0-65. Neglect clearance 
effects. 

Work done per stroke, assuming hyperbolic 
expansion, 

* -{i+lo&rJ-PiW. 


M.E.P. of ir.p. cylinder = { 1 + log. r x } -p 2 > 

r \ 

m.e.p. of l.p. cylinder = ~- 2 {l + log 4 r 2 }—p b , 


pgi5WV- 400LBra » S 9 .I 1 *. 

H* 

8 H.P. % 

4— 0-35 V — ' 

L.P. 


Ratio 


h.p. volume 
l.p. volume 


10 2 _ v 
: 20* ~ V* 


Pfi m 2QlB. PER 


„ A rr 0 55 \T 

,\ 0*55 t>ss—--K 
4 


Fig. 129. 


and for hyperbolic expansion 


-f- Fx 400 = 0-357 xp v 
4 


#2 = 


4 x 55 1 

X 0-35 


= 157 lb. per sq. in. 


m.e.p. of h.p. = 0-55 x 400 jl + log. Q.gfjj — 167 

= (220 x 1-5971) - 157 = 194-5 lb. per sq. in. 
Aotual m.e.p. = 194-5 x 0-65 = 126-3 lb. per sq. in. 

m.e.p. of l.p. = 0-35 x 157 |l 4- log. - 20 

= (54-9 x 2 0498) -20 = 92-5 lb. per sq. in. 

Actual m.e.p. = 0-05 x 92-5 = 60-1 lb. per sq. in. 

2 PLAN P x jlD* x 2 x LN 

33,000 4 x 33,000 

Fx2? , f-x 140 x 26 1 

i2 x 33,000xl2j 69-2* 


H.P. : 
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t-i .t , , ,, 2 x 126-3 x 100 

For the two h.p. s, the h.p. ~«oo _ = 365-2 

„ ,, , , ,, 2 x 60-1x400 AArA 

For the two l.p.s, the h.p. = ^ ^ = 695-0 

Total horse-power = 1060-2 


(Senior Whitworth 1924.) 

Ex* Indicated horse-power of a compound engine having clearance. 

Find the ratio of cylinder diameters for a double-acting condensing steam engine. 
The steam supplied is at 150 lb. per sq. in^ gauge, and the exhaust 2 lb. per sq. in. 
absolute. Cut off in each cylinder to be at half 
stroke. Clearance volume 10 % in each case. Total 
expansion ratio 10, assuming a diagram fao|or of 
70 %. Calculate the i.h.p. if the steam use|l per 
hour was 2400 lb. j 

If the total ratio of expansion is reckoned |n the 
swept volume, then | 

91 . f 


Pi o', 


-* = 10. 

1 v. 


V 


?, 4 



P* U * 


2t>,' 


Ratio of cylinder volumes 
By (1) in (2), 

Ratio of cylinder volumes = \ x 10 = 5. 


...( 2 ) 




Volume 
Fig. 130. 


Ratio of cylinder diameter =» ^/5 ~ 2 -2?5 . 


m.e.p. with clearance 


= + (r +a ) , ° g ‘(i7r : Ta)]- p ‘ (8G ° P ' 243) ' 


To determine^ the expansion curve is assumed continuous,* since but one diagram 
factor is given, so that p t v[ = p 3 *v 

p 3 = 33 lb. per sq. in. absolute. 

M.E.P. of H.P. = 165 ^ + (H iS ) log e _ 33 ~ 1093 ,b - P® r 8C i- ‘ 


in. 


m.b.p. of l.p. = 33 + (| + -&) log, - 2 = 26-46 lb. per sq. 


in. 


Since nothing is said about the dryness after cut off we must assume the steam dry 
and saturated, and if we consider 1 ib. of steam is used per stroke the specific volume 
at 165 ib. per sq. in. is 2-78. The mass of steam remaining in the h.p. clearance at 33 lb. 
per sq. in. is 


^ . 


10x12-57 125-7* 

where 12*57 is the specific volume at 33 lb. per sq. in. 

4 * See p. 270 on combining indicator diagrams. 
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Total volume at cut off = 0*6r 2 = 2*78^1 + whence 

v 2 = 4*813 cu. ft., v A = 24*065. 

Work done per lb. of steam = 144 [109*3 x 4*813 + 26*46 x 24*065], 

2400x144x1163 


Ideal i.h.p. = 


203. 


60 x 33,000 

Actual i.h.p. allowing for a diagram factor of 70 % is 142 h.p. 


Ex. Trial of a compound steam engine. (B.Sc. 1932.) 

The following data were obtained in a test of a compound steam engine with cylinders 
1 1 *5 and 27*5 in. bore, and stroke 26 in. : Steam pressure at stop valve, 170 lb. per sq. in.; 
temperature at stop valve = 187° C. ; condenser vacuum 26 in. with a 30 in. barometer; 
cut off in h.p. cylinder at $ stroke; i.h.p. = 260; b.h.p. = 235; r.p.m. = 140. Steam used 
per hour = 4700 lb.; circulating water per hour = 66,000 lb.; hot well temperature 
« 45° G\; inlet and outlet temperatures of circulating water = 12*5° and 50° C. 



Draw up a heat account for the test in c.H.u. per min. 
lind the overall diagram factor, and the efficiency relative 
both with reference to the indicated work. 


Total heat per min. in steam above 0° C. = 

Sensible heat in feed 

Total heat supplied by boiler per min. 

Heat rejected to circulating water = —^5 

60 


4700 

60 

4700 

60 


x 667-1 
x 46 


(60-12-6) 


to the Rankine cycle, 

= 52,350 

= 3,525 
= 48,825 c.H.u. 

= 41,230 


Heat equivalent of i.h.p. = 260 x 


33,000 

1400 


* 6126 


Heat equivalent of b.h.p. = 235 x ^3,000 
TT 1400 

Heat equivalent of f.h.p. 

Heat unaccounted for (radiation, etc.) 


= 5540 

= 586 
= 1469. 
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l.f. volume 
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_ 1 7TX 11*5® 

~ 3 4 

jt x 27-5® 


x 26-0. 
x 26-0. 


Hypothetical expansion ratio 



1713. 


M.E.P. referred to l.p. cylinder = ^ [1 +log„ 17-3] — 1 -95 = 36-15 lb. per sq. in. 

The actual m.e.p. may be computed from the equation 


PLAN 
I-H P ' “ 33,0*0 ' 

260 * 33,000x12 x4 

“ 2 x 2§ X 7 t x 27-5 x 140 

f 

23-g 

Diagram factor = ^ = 0-658. 


23-8. 


Rankine efficiency. 


H at 170 lb. per sq. in. and 187° 

C. = 667-1 

= 324-8 x 1-5657 

= 509-0 

158-1 

<? 2 

= 4-6 

Net work 

= 162-7 

102*7 

Rankine efficiency = Qtfl-l-Qi-Q 

= 26-4%. 

Thermal efficiency = 

= 12-53% 

„ , . _ . 12-53 

Relative efficiency = -^r^- 

= 47-5%. 


Ex. Triple -expansion engine. (B.Sc. 1938.) 

A triple-expansion engine is supplied with steam at 180 lb. per sq. in. and the con- 
denser pressure is 3 lb. per sq. in. The overall expansion ratio is 13. Neglecting clearance 
effects, assuming no pressure drop at release in the high pressure and intermediate 
pressure cylinders, and assuming hyperbolic expansion, determine the ratios of the 
cylinder volumes, taking the high pressure cylinder as unity, in order that equal powers 
may be developed in the three cylinders. 

With this arrangement, what would be the initial steam forces on the three pistons i 

The work done per stroke = i.m.e.p. volume. 

The I.M.E.P. * — (1 + log* r ) -p b . 
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The back pressure p b for the h.p. cylinder is p 2 , and that for the I.P. p 9 ; so that the 
work done by these cylinders respectively is p 1 v 1 log* -- and p 2 v 2 log e ^. 

The total work done by the engine 

= i.m.e.p. referred to the L.P. x v t 

= j |”” [1 + log. 13J - 3 } I44v t = 464 x 144 x » 4 . 

, For equal powers, 


But p r v x = p 2 v 2 . 


, . ?; 3 46*4 x 144 xi> 4 

Pl V 1 log. _ = Pi V t log. - = ® • 

v 2 o 


, Vo , Vo 46-4 xv 4 
• r - ogf V, ~ l0g< v t - 3 x 180 x ’ 


•d) 


and - as , i.e. the ratio of expansion r B for the h.p. cylinder, is equal to the rati$ of 
V 1 V 2 

expansion rj for the i.p. cylinder. 

The total ratio of expansion R = - 4 = 13 and the relation between r Bt rj, and R 

v \ 

is given by 

t u t iUj — R — - : x zr x ~' 

Vi V9 Vn 

13 ( 2 ) 


r L 


' 4 


By equation (1), 

log„r H 

- 4 _ 6 -i4 13 -Mi 7 

180x3 




t b = 3*05. 

’ (3) 

By (3) in (2), 

13 

Tl " 3*05® 

i.p. volume 



Hence the cylinder volumes are h.p. 1, i.p. 3*05, l.p. 4*26. 

If the cylinders have the same stroke, the areas of the piston will be proportional to 
the cylinder volumes, and the initial forces on the pistons will be * 

(jPi““JPa)^H.r.» (P 2 ~~Ps) A h.p. x 3*05, (P 2 ~~Pb) -^h.p. 4*26. 

Blit — jPl /n _ J?* _ Pi 

Pi 3 05’ Pa ~ 3 05 “ 3 05®' 

Hence the forces are 

4-sras)' (sra?- 3 ) 4 ' 26 ' 

i.e. the forces on the h.p. and i.p. are equal, and that on the L.P. 0*576 of the force on 
the h.p. 


Use of the H< |> diagram for proportioning a compound engine 

Because of the number of unknown quantities involved, the proportioning of 
the cylinders for an actual engine is usually more difficult than the solution of somh 
hypothetical examination question. 
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For instance, although the expansion ratios of individual cylinders may be 
known from a consideration of the valve gear, the overall expansion ratio is 
obtained only after solving a transcendental equation. 

To avoid this difficulty set down the expansion line on an H<f> diagram, and use 
the volumes and pressures given by this diagram to check the balance of power 
from the conventional pv equations, as illustrated by the following example: 

It is desired to investigate the possibility of building a compound lighting 
engine to give 50 kw. at 500 r.p.m. Each double acting cylinder is to develop 
equal power. i 

Main steam pressure 1651b. per sq. in^ abs. dryness 0-97, pressure drop over 
governor valve 10 % of the main steam pressure, back pressure 101b. per sq. in. 
abs. I 

Dynamo efficiency 85 %, mechanical Efficiency of the engine 85 %. 

Diagram factors: overall 0-6 h.p. 0*85, §,.p. 0*55. 

Determine the cylinder sizes, cut offs, pnd specific steam consumption. 



<t> 

Fig. 132. 

The pressure in the steam ohest will be 0*9 x 165 = 148*3 lb. per sq. in. Setting 
this off on the H<f> diagram gives a reheated condition of 0*988, and a direct 
adiabatic heat drop 2 to 5 of 190. If we assume a reheat factor of 1*05, and 
efficiency ratios, h.p. 0*75, l.p. 0*55, the receiver pressure may be obtained as 
follows. 

Cumulative heat drop = 1*05 x 190=2= 200 = (a.h.d.) h>p . + (a.h.d.),^ (1 ) 

For equal work 0*75(a.h.d.) h>p . = 0*55 (a.h.d.) up .. (2) 

By 2 in 1 (a.h.d.) hj , + 1*363(a.h.d.) h . p . =^200 

(a.h.dOh* = 85. 

Setting this length off vertically below point 2 gives a receiver pressure of 
481b. per sq. in. 
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The back pressure p b for the h.p. cylinder is p it and that for the i.p. p 9 ; so that the; 

work done by these cylinders respectively is p± v y log, — and p t v a log, — . 

v i v 2 

The total work done by the engine ’ 

s=s i.m.e.p. referred to the l.p. x 

= [1 + log, 13] - 3 ] 144^4 = 46-4 x 144 x v t . 

* For equal powers, 

_ t/o , v H 464 x 144 x Va 
Pi log- - = = 3 

But p x v x = p 2 v 2 . 

log *-- lo 8*^-3 x i80xV (1) 

and — = — , i.e. the ratio of expansion r H for the h.p. cylinder, is equal to the ratio of 
v i v 2 

expansion r x for the i.p. cylinder. 

V 

The total ratio of expansion B = — 13 and the relation between r Ui r Iy n and R 

v , 

is given by 

n V 2 V 3 

Tjj T I = R = - ? X~X“. 

v x v 2 v z 

.% ( 2 ) 

r H 

x> /i\ 1 464 x 13 > 

By equation (1), log„r fl = = M17. 

.*. r a = 3 05. (3) 

By (3) in (2), r L = 5 -^, = 1-396 « 


Hence the cylinder volumes are h.p. X, i.p. 3-05, l.p. 4*26. 

If the cylinders have the same stroke, the areas of the piston will be proportional to 
the cylinder volumes, and the initial forces on the pistons will be * 

(^i-^Mh.p., (P8-iJs)^H.p.x3-05, (p a —p b )A K , r _ 4-26. 


But 

Hence the forces are 



_ Hi Pi 

Pz 305 3-05 2 ' 


^ 30s)’ 34)5 ( l 305) X3 06, 



4 


i.e. the forces on the h.p. and i.p. are equal, and that on the l.p. 0-576 of the force on 
Hie h.p. 


Use of the H<j> diagram for proportioning a compound engine 

Because of the number of unknown quantities involved, the proportioning of 
the cylinders for an actual engine is usually more difficult than the solution of some 
hypothetical examination question. 
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For instance, although the expansion ratios of individual cylinders may be 
known from a consideration of the valve gear, the overall expansion ratio is 
obtained only after solving a transcendental equation. 

• To avoid this difficulty set down the expansion line on an H<j) diagram, and use 
the volumes and pressures given by this diagram to check the balance of power 
from the conventional pv equations, as illustrated by the following example: 

It is desired to investigate the possibility of building a compound lighting 
engine to give 50 kw. at 500 r.p.m. Ea/ph double acting cylinder is to develop 
equal power. : 1 

Main steam pressure 1651b. per sq. ijp. abs. dryness 0-97, pressure drop over 
governor valve 10 % of the main steam. ^pressure, back pressure 101b. per sq. in. 
abs. I 

Dynamo efficiency 85 %, mechanical|efficiency of the engine 85 %. 

Diagram factors: overall 0-6 ii.p. 0-8 4 L.p. 0-55. 

Determine the cylinder sizes, cut off* and specifio steam consumption. 



Fig. 132. 


The pressure in the steam ohest will be 0-9 x 165 = 148-3 lb. per sq. in. Setting 
this off on the H<j> diagram gives a reheated condition of 0-988, and a direct 
adiabatic heat drop 2 to 5 of 190. If we assume a reheat factor of 1-05, and 
efficiency ratios, H.p. 0*75, l.p. 0-55, the receiver pressure may be obtained as 
follows. 

Cumulative heat drop = 1-05 x 190 ===200 = (a.h.d.) hp , + (a.h.d.) lp (1) 

1 For equal work 0-75(a.h.d.) H iP- = 0-55 (a.h.d.)i,.p.. (2) 

By 2 in 1 (a.h.d.) ha + 1-363(a.h.d.) hj ==200 

v 1 .' (a.h.d • )h,p, — 85. 

,, Setting this length off vertically below point 2 gives a receiver pressure of 
; 48lbv per sq. in. 
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Useful work in h.p. ===64 b.t.tt., and for the l.p. 57 b.t.tt. 

Taking a receiver pressure of 501b. per sq. in., to obtain greater equality of 
work, gives the h.p. work, 61'5 and l.p. 60-5 b.t.tt. 


Specific steam consumption = 


33,000 x 60 
778(61-5 + 60-5) 


===21 lb. per h.p. per hr. 


The cylinder sizes cannot be obtained from the rate of steam flow and the 
conditions given by the H<j> diagram, since the conditions refer to the steam 
outside the cylinders. 

However, the volume ratios given by the diagram will be indicative of those 
obtaining in the actual engine ; so long as the actual expansion curve is not widely 
different from the Rankine. 

On this assumption 

_ 0-988x3-1 

h.p. cut off- (K)43xT , 5 = 0-38 say 0-4. 

~ r , . .. 0-915x38-4 ^ 

Cylinder volume ratio = - -^=4-4. 

0-943 x 8-5 


The low efficiency ratio of the l.p. causes the actual cycle to depart widely from 
the Rankine, so an accurate determination of the l.p. cut off could not be made 
from the H<j) diagram. Instead, make use of the pv diagram, and on the assumption 
that the expansion line is continuous 

0-4 x h.p. volume x 148-3 = l.p. cut off volume x 50. 


/. L.P. CUt Off = 


0-4 x 148-3 h.p. volume 
50 l.p. volume # 


Taking a volume ratio of 4, the l.p. cut off =^0-3, and the overall ratio of 
4 

expansion = — = 10. 

For harmonic valve gears the cut offs are so early as to necessitate the use of 
negative exhaust lap. 


Cylinder proportions by conventional equations 


Stroke = 


600 x 12 
2 x 500 


7*2 say 7 in. 


m.e.p. referred to l.p. = 0*0 


^148-3 


(1+ log, 10) 
10 



23-4 lb. per sq. in. 


P „ 50 x 1,34 _ 23-4 x 7 x A lf x 1000 
0-85 2 1 2 x 33,000 

A lj .' = 224 sq. in. Z) LP = 17 in. 


l.p. volume _ (D ur V _ 
h.p. volume - \D r J ~ * * 


8-5 in. 
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To check the balance of power it follows that for equal strokes A ur (m.e.p.) hp 
should equal A LJ ,_ (M.E.P.) tF .. 

(M.B.P.) h ,. = 0-85 ^148-8 + ~ 60] 

= 54- 1 lb. per sq. in. 

(m.E.p.) lp = 0-55 |j50 - lo] 

= 12*7 lb. j|er sq. in. 

u4 hp (m.e.p.) hp< = Sf6*75 x 54-1 = 3070. 

* 

^4 L>P .(M.E.p.) L p = $27 X 12*7 = 2880. 

Considering the tentative values of the diagram factors this balance is fairly 
good, but it could be improved by making the l.p. cut off earlier — or the h.p. 
cylinder bore smaller. f 

1000 x 7 

Total I .H.p. = r ^- ? ^ [3 070 + 2880] , 105. 

^ . , 50x 1*34 _ 

Required h.p. =» — — = 93. 

The disagreement in power is due to the separate diagram factors not being 
correctly related to the overall diagram factor. For the cut-off worked to in the 
h.p. it is more than likely that the diagram factor will be less than 80 %. If so, 
this will give a better balance of power and a total power more nearly equal to 
that desired. 

Power control by throttling. 

If the initial pressure in the h.p. cylinder is reduced, the cut off remaining 
unaltered, then the terminal pressure in that cylinder must also be reduced, and 
in consequence the admission pressure to the l.p. cylinder will also be lower. 



Fig. 132a. Throttled condensing engino. 


The result is a diminution in the power developed in each cylinder, the ratio of 
the work done in the l.p. cylinder to that in the h.p. cylinder tending to increase. 
This is the converse of cut off control. Further, since the control is by throttling, 
the steam consumption of the engine in lb. per min. will follow Willans Law. 



270 


The Reciprocating Steam Engine 

Power control by cut off. 

It follows from the relation p x v x = p t v 2 that if v 1 is reduced without any alter- 
ation in v 2 or in p 1 , the terminal pressure p 2 must be reduced in proportion to 
the reduction in v 1 . This change in p 2 reduces the work done in the l.p. 
cylinder (see Fig. 133) without making a great alteration in the power developed 
by the h.p. cylinder, because the reduction in h.p. work due to the contraction 
in the volume v 1 is compensated for by the increased pressure range p 2 to p 2 - 



Fig. 133. Variable cut off in h.p. cylinder constant in l.p. cylinder. 

To counteract this disparity of work the cut off in the l.p. cylinder should take 
place earlier so as to build up the receiver pressure, thereby increasing the L.P. 
work at the expense of the h.p. (see Fig. 134). This variation in l.p. cut off will 
not affect the steam consumption or the total work done. 

From an economy standpoint power control by varying the point of cut off 
is to be preferred to throttle control, because the available heat drop is not 
reduced. 



Fig. 134. Variable cut off in l.p. cylinder constant in h.p. cylinder. 

The combination of indicator diagrams for a compound engine. 

In order to combine the indicator diagrams for a compound engine, and thereby 
demonstrate — on a common scale — the departure of the actual diagrams from the 
ideal, we must first obtain the average indicator diagram for both sides of the 
h.p. cylinder and both sides of the l.p. cylinder. ’’ 

A convenient way of doing this is to trace the diagram for, say, the crank en<^ 
of the cylinder, superpose this on the diagram for the other side of the piston and 
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sketch a mean line between the two curves. Alternatively average the correspond- 
ing ordinates on the two diagrams and plot these on an absolute pressure base as 
shown in Fig. 135. From a knowledge of the cylinder sizes, and the strength of 
the indicator springs, the average diagrams can be calibrated for both volume and 
pressure. Before transferring these diagrams to common axes we must first set 



Fig. 135. Average indicator diagrams. 

off the clearance volumes from the pressure axis, and then plot the average 
diagrams, using the corresponding clearance axis, to uniform pressure and 
volume scales (see Fig. 136). 

The saturation curve is plotted as described on p. 250, but in this case it does 
not form a continuous curve, because of the different masses of clearance steam 
in the h.p. and l.p. cylinders, and also because of condensation in the receiver, 
the water produced being drained away by a steam trap. The smaller percentage 
clearance of the l.p., together with the receiver loss, cause the l.p. saturation 
curve to fall inside the h.p. curve. 

Ex. Fig. 135 represents the average indicator diagram taken from a compound engine 
having the dimensions h.p. bore 8*728in. ; l.p. bore 15-76in, ; stroke 22 in. ; h.p. clearance 
volume 0*0866 cu. ft.; l.p. cloaranoo volume 0*174; steam drained from the receiver 
0*6735 lb. per min.; l.p. exhaust 16*5 lb. per min.; r.p.m. 106*5. 

Combine the indicator diagrams and sketch the saturation curve. 

jt g*728 2 x 22 

Swept volume of h.p. cylinder = - x — = 0*762 cu. ft. 

Clearance volume = 0-0866 

Total volume = 0*8486 cu. ft. 

_ _ . 7r 15*76 2 x22 

Swept volume of l.p. cylinder x ^z ^ 2 * 481 cu * 

Clearance volume = 0*174 

Total volume 2*655 cu. ft. 
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Steam passing through h.p. per stroke, i.e. the cylinder feed of h.p. 


16-5 + 0-6735 
2 x 106-5 


0-0806 lb. 


Cylinder feed of l.p. = 2^f(^5 = 



Fig. 136. Combined indicator diagrams for a 50 h.p. compound engine 

(steam jacketed). 


Cushion steam in high-pressure cylinder. Taking a point on the compression curve 
where the pressure is 30 lb. per sq. in., the volume of steam is 

x 0-762 + 0-0866 = 0-12 cu. ft. 

Specific volume of dry saturated steam at 30 lb. per sq. in. is 13*74 cu. ft, per lb, 

0*12 

Mass of cushion steam = = 0*00873 lb. 

Cushion steam in low-pressure cylinder. Taking a point on the compression curve 
where the pressure is 8 lb. per sq. in., the volume of steam is 


^ x 2-481+0-174 = 0-2955 cu. ft 
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Specific volume of dry saturated steam at 8 lb. per sq. in. is 47*3 cu. ft. per lb. 

Mass of cushion steam = = 0*00624 lb. 

■x7 *o 

0-0806 

000873 

Total mass of steam in ii.p. at cut off = 0-08933 

0-0775 

0-00624 

Total mass of steam in L.f. at cut off = 0-08374 


Whence by selecting various pressures, a^d their corresponding specific volumes, the 
following tables were compiled from which jjbhe saturation curves were plotted: 

Pressure, lb. per sq. in. 76 66l 

Specific volume 5-76 6*57 

Actual volume 0*514 0-686 

Pressure, lb. per sq. in. 26 20 16 12 

Specific volume 15-71 20-07 24-7 32-36 

Actual volume 1*316 j 1-68 2-067 2-706 


EXAMPLES ON THE SIMPLE STEAM ENGINE 

12. Effect of expansion index on work done. 

In the hypothetical diagram, no cushioning, no clearance, prove that the mean effec- 
tive pressure is given by 

Pe=P 1 

if the law of expansion is pv n = constant. 

In three different cylinders the diameter is 1 ft. and the length of stroke 1 ft. 9 in., 
steam is admitted at 85 lb. per sq. in. (gauge), and the back pressure is 3 lb. per sq. in. 
absolute. Find the work done per stroke and per cu. ft. of steam in each, if 

in the first cylinder pv = constant, 
in the second cylinder pv 1 ’ 2 = constant, 
in the third cylinder pv 0 8 = constant. 

r is equal to 4 in each case. Ans n ,220, 8170 ; 10,375, 7550 ; 12,270, 8920. 

zS 



8 

47-29 

3-964 



WWW 
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13. Compression in steam engines. 

In a steam engine the clearance is 5 % of the volume swept by the piston in one Stroke, 
and the back pressure is 17 lb. per sq. in. If compression begins at 0*3 of the stroke from 
the end of the exhaust stroke, find the pressure at the end of compression. 

Also find where compression should begin in order that the pressure at the end of 
compression may be 851b. per sq. in. 

Assume hyperbolic compression. Ans. 1191b. per sq. in.; 0*2 of stroke. 

14. Indicated horse -power given mean effective pressure, speed, etc. 

The diameter of a steam engine cylinder is 40 in. and of the piston rod 5 in. The mean 
effective pressure on the back end of the piston is 40 lb. per sq. in. and on the crank end 
42 lb. per sq. in. The stroke of the piston is 4^ ft. If the speed is 120 r.p.m., find the i.h.p. 
developed. Am. 1672 h.p. 

15. Hypothetical diagram: clearance, release, compression. 

The clearance volume of a double-acting steam engine is 8 % of the effective volume. 
The diameter is 12 in. and the stroke 15 in.; cut off 35 %; release 95 % and compression 
88 % of the stroke. Assuming that the expansion and compression curves are hyper- 
bolic, draw the theoretical indicator diagram for a pressure range 80 to 15 lb. per sq. in. 
absolute. 

If the diagram factor of the engine is 0*7, find the h.p. developed at 120 r.p.m. 

Am. 32 H.p. 


(B.Sc. 1930.) 

16. Bore and stroke of double-acting engine with clearance and compression. 

Calculate the bore and stroke of a double-acting steam engine which will develop 
50 i.H.p. at 180 r.p.m. when supplied with steam at 90 lb. per sq. in. and exhausting at 
15 lb. per sq. in. Take a clearance volume 10 % of the swept volume; cut off at 0-42 of 
the stroke and compression = 0*80 stroke. Assume diagram factor = 0*9 and that 
expansion and compression are hyperbolic. Ratio: Stroke/Diameter = 1-5. 

Ans . Bore 9| in.; Stroke, 14f in. 

17. Cylinder volume allowing for clearance and compression. 

Find the volume of the cylinder of a double-acting, non -condensing engine to give 
1000 i.h.p. when the speed is 100 r.p.m. from the following data: Boiler pressure « 1501b. 
per sq. in. gauge; pressure at end of compression = 75 lb. per sq. in. absolute; ratio of 
expansion = 3; diagram factor == 0*909; clearance ratio = 1/9. 

Assume pv — constant for expansion and compression. Ans. 14*12 cu, ft. 


18. Trial of a simple steam engine. 

The following observations were made dining a trial of a single cylinder steam engine: 

Steam used per hour = 126 lb. 

Revolutions per minute = 100*4 (mean). 

m.e.p. (average both diagrams) = 16*8 lb. per sq. in. 

Brake load = 143*7 lb. 

Spring balance reading = 39*7 lb. 

Cylinder diameter = 8*5 in. 

Cylinder stroke = 1 ft r 0 in. 

Effective brake radius = 1-95 ft. 
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Calculate the i.h.p., b.h.p., the mechanical efficiency, and the steam used per i.h.p. 
per hr. 

Ans . i.h.p. , 5-8 ; b.h.p., 3*87 ; Mechanical efficiency, 66*7 % ; Steam per i.h.p. per hr., 
2172 lb. 

19. Heat supply and thermal efficiency. 

A steam engine uses 8*56 lb. of superheated steam per i.h.p. hour. The admission 
pressure is 150 lb. per sq. in. and temperature 300° C.; C P = 0*53. 

If the exhaust pressure is 2*85 in. of mercury, calculate the heat supply per i.h.p. 
per minute, and the thermal efficiency. | Ans. 97*6 ; 24* 15 % . 

20. Mean indicator diagram weight of cushion steam, etc. 

The diagrams on Fig. 137 were taken jon a double-acting steam engine, cylinder 
diameter 8*73 in.; stroke 22 in.; clearance $1*6 % of effective volume. At 102 r.p.m. the 
steam supplied was 13*8 lb. per min. Barometer 30*47 in. 



(1) Draw to the same scale the mean diagram of the card. 

(2) Calibrate the diagram. 

(3) Find the h.p. developed in the cylinder and the thermal efficiency. 

(4) Find the weight of cushion steam. 

(5) Find the weight of steam in the cylinder during expansion. 

(6) Draw the saturation curve, and find the apparent dryness of the steam in the 
cylinder at cut off and release. 

(7) Draw the hyperbolic curve through the point of cut off. 

(8) Find the real and apparent ratios of expansion. 

(9) Through the point of cut off draw the adiabatic. 

pv 1 116 ass c. 

Ans . h.p. = 23*5; 7*24%; 0 00647 lb.; 0*07407 lb.; x = 0*762 and 0*838; Real ratio 
of expansion, 2*61 ; Apparent ratio of expansion, 3*17. 

21 . Trial of a simple engine. 

The dimensions of a double-acting, non-jacketed, simple vertical steam engine are as 
follows: cylinder diameter = 8*47 in.; stroke = 12*1 in.; piston rod diameter = 1*45 in.; 
brake wheel diameter = 3*90 ft. 

The diagrams in Fig. 138 were taken during a trial in which the following observa- 
tions were made: 

Iteration of trial = 40 min. Total revolutions «■ 4973. 

Steam used =287 lb. Gauge pressure = 33 lb. per sq. in. 

Barometer « 29*95 in. Heavy brake weight = 113*5 lb. 

Spring balance reading = 24*1 lb. 
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Calculate: 

(1) Brake horse-power. (2) Friction horse-power. (3) Indicated horse-power. 
(4) Mean effective pressure. (5) Mechanical efficiency. 

(6) Weight of steam used per i.h.p. hour, and per b.h.p. hour. 

(7) The total heat per lb. of steam, dry and saturated, reckoned above water at 

100° c. 

(8) The heat units supplied to the engine per i.h.p. minute. 

(9) The thermal efficiency. 

Spring zl 


Fig. 138. 




Determine the percentage of the stroke, and also the crank angle, measured from the 
inner dead-centre at which the events of cut-off, release, and compression take place. 
Connecting rod is 5-95 cranks. 

Arts. 4-12 h.p.; 15*6 lb. per sq. in.; 13-51 lb. per sq. in.; i.h.p., 6-15; f.k.p., 2-03; 
Mechanical efficiency, 67*1; 70, 104-2 lb. per hr.; 553 c.h.tj., 762 c.h.it.; 3*66; Cut off, 
54%, 89°; Release, 95-5%, 155°; Compression, 7-3%; 302°. 

22. Heat balance sheet for a condensing engine. 

A condensing steam engine running at 102*8 r.p.m. develops 53*2 i.h.p. It is loaded 
with a friction brake of radius 4 ft. 11 in., and the heavy weight and spring balance 
readings are 533 and 40 lb. respectively. 

The following observations were also made: 

Barometer = 30*1 in. 

Condenser vacuum = 23*6 in. 

Steam used per hour = 1180 lb. 

Cooling water temperature rise = 28*64° C. 

Gauge pressure = 65 lb. per sq. in. 

Condensed steam temperature = 57° C. 

Cooling water per hour = 19,950 lb. 

Make out a heat balance sheet for the engine, showing the heat received and rejected 
by the engine per minute. 

Calculate the mechanical and thermal efficiencies and also the dryness of the steam 
entering the condenser. 

Am. Heat supplied reckoned from 0° C., 12,960 c.h.tj.; Heat converted into work, 
1257; Heat in cooling water, 9540; Heat in feed, 1120; Heat unaccounted for, 1043; 
Mechanical efficiency, 89*1 %; Thermal efficiency, 10*6%; x = 0-855. 

23* Throttle control, 

A steam engine of 500 i.h.p., governed by varying initial pressure, takes 18 lb. of 
steam per i.h.p. hour at full load, and 22 lb. at haif load. 
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Another engine of the same type and power takes 17 J lb. at full load and 23 lb. at 
half load. 

Find the total consumption of steam in each, if put to work on a variable load as 
follows: 3 hr. at f load, and 2 hr. at f load. Ans . 34,500 lb. ; 34,250 lb 

24. Dryness fraction and missing quantity. 

Find the dryness fraction and missing quantity in the case of an engine where the 
pressure is 60 lb. per sq. in. absolute, volume 0*5 cu. ft. and mass of steam 0*08 lb. 

Ans. 0-87 ; 0 01 lb. 

25. Missing quantity. (B.Sc. 1939.) 

Make a list of observations necessary in Order to draw uj3 a heat balance for a steam 
engine and its condenser. I 

Describe, with reference to an indicated diagram, how the “missing quantity” of 
steam in the cylinder could be determined, £nd discuss briefly the means used in practice 
to reduce this loss. j 

26. Thermal efficiency. I 

The cylinder of a steam engine is 18 in. 
diameter by 24 in. stroke and the clearance 
is 8-2 % of the stroke volume. The indicator 
diagram taken on the engine is given in 
Fig. 139 and the apparent dryness of the 
steam at point P on the expansion line is 
0-74. The pressure calibration line on the 
diagram is 50 lb. per sq. in. above atmo- 
sphere. The boiler gauge is 83 lb. per sq. in., 
the barometer is 29-8 in. of Hg, the steam 
supply is dry and saturated and the exhaust 
is to atmosphere. Find the thermal efficiency 
of the engine. Ans. 9*62%. 

27. Initial condensation. (Junior Whitworth 1930.) 

Contrast the performance of a simple engine as regards horse-power and steam 
consumption with that of one of the same dimensions in which there was no initial 
condensation of steam. 

Illustrate your answers by sketches of indicator diagrams and possible results. 

28. Heat flow through cylinder walls. (Senior Whitworth 1925.) 

One pound of steam expands in a cylinder from a pressure of 170 lb. per sq. in. to a 
pressure of 3-8 lb. per sq. in. absolute. The change of volume during the expansion is 
from 2-7 to 95 cu. ft. Find the amount of heat passing through the cylinder walls 
during expansion. 

Ans . The expansion is dry saturated heat added = 122*6 c.h.u.; n = 1*067. 


(B.Sc. 1930.) 
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EXAMPLES ON COMPOUND ENGINES 


29. Indicated horse -power given mean effective pressures. 


Steam at 110 lb. per sq. in. gauge is supplied to a compound double-acting steam 
condensing engine having h.p. cylinder 10 in. diameter; l.p. cylinder 18 in. diameter; 
stroke 18 in. Determine the i.h.p. developed by the above engine when running at 300 
r.p.m. if the m.e.p. in the h.p. and l.p. were 23*3 and 19 0 lb. per sq. in. respectively. 


Afio 60*6 w p 

30. Indicated horse-power of a compound engine. ’ * 

Steam at 90 lb. per sq. in. absolute is supplied to a compound double-acting con- 
densing engine havingH.F. cylinder 10 in. diameter; l.p. cylinder 18 in. diameter; stroke 
8 in. What would be the i.h.p. developed by the above engine running at 300 r.p.m. 
with cut off in h.p. cylinder at 0*5? Diagram factor = 0*75; back pressure = 5 lb. per 
sq. in. absolute. 

Neglect clearance and assume expansion hyperbolic. Am. 80*6 h.p. 


31 . Equal initial loads , ratio of cylinder volumes , receiver pressure , low pressure 
cut off, work done. 

In a two-cylinder compound engine the admission pressure to the high pressure 
cylinder is 80 lb. per sq. in. absolute, cut off at 0-5 stroke. The release pressure in the 
l.p. is 8 lb. per sq. in. absolute and the condenser pressure 2 lb. per sq. in. absolute. 

Assuming hyperbolic expansion and equal initial loads on the pistons, estimate the 
ratio of the cylinder volumes, the mean pressure in the receiver, the point of cut off in 
the l.p. cylinder and the ratio of work done in the two cylinders. 

Am. Ratio of volumes, 1 to 5; 15 lb. per sq. in.; l.p. cut off, A stroke; Ratio of 

Ij F 

work done, = 1-042. 
h.p. 


32. Cylinder volumes for a compound engine. 

For a two-cylinder compound engine, find the cylinder volumes uncorrected for 
clearance and compression for these data: 

Indicated horse-power = 540. 

Revolutions per minute = 114. 

Initial pressure = 225 lb. per sq. in. absolute. 

Back pressure = 20 lb. per sq. in. absolute. 

Terminal expansion pressure = 30 lb. per sq. in. 

Diagram factor = 0-75. 

Am. l.p. volume = 10*28 cu. ft.; h.p. volume = 4 cu. ft., for equal initial loads. 


33. Cylinder dimensions. (B.Sc. Part 1, 1937.) 

A compound double-acting steam engine is to develop 25 b.h.p. at 300 r.p.m* Cal- 
culate the dimensions of the h.p. and l.p. cylinders, given the following particulars; 
Steam supply pressure = 125 lb. per sq. in. 

Back pressure in condenser = 3 lb. per sq. in. 

Cut off in H.p. cylinder at 0-5 stroke. , 

Mechanical efficiency = 87 %. 

Overall diagram factor = 0*65. 

Stroke of each cylinder = 1*25 times the diameter of the L.P. oylinder. , 
Take the total number of expansions as 10 and assume hyperbolic expansion' an d 
neglect clearance effects. Am. h.p. = 4*11 in. ; l.p. =9*2 in.; Stroke ** 11*5 ha. 
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34* Cylinder dimensions and separate powers. (B.Sc. 1932.) 

A compound steam engine is to develop 350 i.h.p. when taking steam at 125 lb. per 
sq. in., and exhausting at 2 lb. per sq. in. The rotational speed is 140 r.p.m. and the 
piston speed about 500 ft. per min. The cut off in the h.p. cylinder is to be 0-4, and the 
cylinder volumes ratio 3*7. Allow a diagram factor of 0-83 for the combined cards and 
determine suitable cylinder dimensions. 

If the diagram factor for the h.p. card alone may be taken as 0*85, determine the 
separate powers developed in the two cylinders when the l.p. cut off is arranged to give 
equal initial loads on the pistons. 

Assume hyperbolic expansion and neglect clearance effects. 

Ans. Stroke, 2H in.; h.p. diameter, l|}in.;*L.p. diameter, 29} in.; h.p. developed 
in H.P. cylinder, 158*6; h.p. developed in|L.P. cylinder, 191*4. 

35. Valve adjustment on compound engine. (Junior Whitworth 1930.) 

How are the I.H.P. and the thermal economy of a compound steam engine affected by 
adjustments of the l.p. cylinder valve ? I 

36. Equalising the power. | 

A compound steam engine of 500 I.H jk is found to be developing 300 i.h.p. in the 
H.P. cylinder and 200 i.h.p. in the l.p. cylinder. If it were considered desirable to divide 
the power more equally between the two cylinders without appreciably changing the 
total power of the engine, state what you would do. Illustrate your answer by sketches 
of the indicator cards before and after the change. What effect would you expect the 
change to have upon the steam consumption of the engine? 

37. ^ow pressure cut off for maximum thermal efficiency. (B.Sc. 1924.) 

The two cylinders of a compound steam engine have the same stroke, and the ratio 
of piston diameters is 1*8. Assuming hyperbolic expansion and neglecting clearance, 
find the point of cut off in the l.p. cylinder which will theoretically give the maximum 
efficiency if the cut off in the h.p. cylinder is at half stroke. 

A series of trials on the engine made at approximate constant speed in which the 
point of cut off in the l.p. cylinder was varied gave results as follows: Condenser 
pressure = 2*75 lb. per sq. in.; steam supply — dry saturated at 92 lb. per sq. in. 


L.P. CUt Off 

0-225 

0-254 

0-339 

0*350 

0-508 

0-67 

B.H.P. 

49 

57 

56-5 

56*1 

54-4 

47*6 

Steam per hour (lb.) 

1060 

1214 

1180 

1165 

1190 

1090 


Plot on an l.p. cut-off base a curve of thermal efficiency (b.h.p basis). 

Ans. Theoretical cut off, 0*385; Steam per b.h.p. per hr.: 21*62, 21*32, 20*9, 20*77, 
21*87, 22*9; Thermal efficiency: 10*85, 11*0, 11*23, 11*3, 10*73, 10*25; Best cut off , 0*35. 


38, Cylinder proportions for a triple expansion engine. 

In a triple expansion engine to develop 2000 i.h.p. at a piston speed of 700 ft. per min. 
the volume of L.P., i.p. and h.p. cylinders are to be in the ratio 1 : 2*5 : 7*5. The steam 
chest pressure is 170 lb. per sq. in, gauge and exhaust pressure 4 lb. pet sq. in. absolute. 
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Taking a diagram factor of 0 65 and cut off in h.p. cylinder at 0-65 of the stroke, 
calculate the diameters of the cylinders and state a suitable stroke. 

Ans. h.p. 30 in. ; m.p. 34J in. ; l.p. 60 in. ; Stroke 42 in. 

39. Compound engine. (B.Sc. 1929.) 

The following particulars refer to a double-acting compound engine: h.p. cylinder: 
diameter 10 in.; cut off 0*32 stroke; clearance 10% of swept volume. L.P. cylinder: 
diameter 18| in.; cut off 042 stroke; clearance 7 % of swept volume. 

If the engine is supplied with steam at 90 lb. per sq. in. and exhausts into a condenser 
at 4 lb. per sq. in., estimate the m.e.p. in each cylinder and the totalH.P. developed when 
running at 100 r.p.m. Take a diagram factor of 0-8 for the h.p. and 0*7 for the L.P.; 
assume hyperbolic expansion and neglect cushioning but take account of clearance. 

Ans. m.e.p. 34 lb. per sq. in. ; 9-8 lb. per sq. in. ; h.p. 32*26 stroke. 
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CHAPTER X 


REFRIGERATION 

The process of refrigeration consists of the removal of heat from a body that is 
colder than its surroundings. 

Originally the word Heat referred to the sensation of heat upon the nerves of 
the human body; thus we have blood heat, white heat, etc. It would appear 
that an object, at a lower temperature than that of a human being, is deficient 
in heat or — as some people believe — has none at all. 

Actually the flow of heat from a hot body to a cold body does not depend upon 
the amount of heat at all, but upon thte temperature which is analogous to pres- 
sure in mechanical engineering or voltage in electrical engineering. A natural 
flow of heat, then, requires a positive* temperature gradient, and even then, it 
does not follow that the fall in temperature of the hot body is equal to the rise in 
temperature of the cold body, since temperature changes depend upon mass and 
specific heat as well as upon heat changes. In fact most refrigerators produce 
cold by a change of state from liquid to vapour, this change taking place at the 
lowest temperature in the refrigerating system. 

This principle is employed in countries where ice is harvested in winter, and 
stored for the preservation of food in summer. 

Methods of lowering the temperature of a fluid. 

Since heat may be described as a condition of molecular activity; it follows 
that, when we wish to reduce the temperature of a fluid, we must first reduce the 
store of molecular energy. This reduction can be effected by causing the fluid to 
do mechanical work at the expense of heat contained in it, as occurs in an adiabatic 
expansion. 

The other methods employed depend upon different principles, thus: 

(1) The small increase in specific heat of air with a reduction in pressure will 
permit a slight reduction in temperature (£°C. for each atmosphere drop in 
pressure) even if no external work is done. This is known as the Joule-Thomson 
cooling effect. 

(2) If the pressure over a liquid is lowered sufficiently, evaporation will com- 
mence, and if heat cannot flow into the liquid from an outside source, then the 
liquid will draw heat from itself, with a consequent reduction in temperature, or 
change of state. 

This is the oldest and most widely used method of cooling, and upon it we depend 
for maintaining a constant body temperature. 

In the same way the tropical savage cools his drinking water by storing it in 
porous vessels. 
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In their simplest forms the machines which operate on the methods outlined 
expel, and thus waste, the working fluid after cooling has been effected. To avoid 
this waste in the case of method (2) the vapour may be absorbed by a substance 
for which it has a chemical affinity* . It may be adsorbed by some porous material, 
e.g. charcoal, or better still by silica gel,j* from which it can be driven off 
ultimately by the application of heat to the gel. Alternatively the vapour may be 
compressed mechanically in a vapour compression machine until its temperature 
is so high that the heat extracted during evaporation, together with the work 
done during compression, may be rejected to some natural sink, i.e. the atmosphere 
for a river. 

It is the necessity for the addition of heat to produce cold that is so puzzling 
to the beginner. This addition follows directly from the Second law of thermo- 
dynamics, which states that heat cannot flow, unaided by an external agency, 
from a cold body to a hot body. Just as water cannot flow uphill unaided, 

The application of the Second law in Nature indicates that the direction of 
all natural changes is one of degradation. 

The cold air machine. 

The first cold air machine was invented by Dr Gorrie of New Orleans in 1845, 
and operated as follows : During compression of the air heat was removed by spray 
injection (see p. 92) and during expansion brine was injected into the cylinder 
with the object of supplying heat to the air at the expense of a reduction in tem- 
perature of the brine. The chilled brine was then circulated to the cold store. 

Later, through the work of Lord Kelvin, Gifford and Coleman, a machine 
was developed in which air was compressed — cooled at constant pressure prior to 
adiabatic expansion — after which the chilled air was heated at constant pressure 
in effecting the desired cooling by direct contact of the air with the body to be 
cooled (see p. 290)4 The air was then recompressed and the cycle repeated. 

Of all refrigerators the cold air machine has theoretically the highest efficiency, 
but, because of the low specific heat and poor conductivity of air, in practice the 
cold air machine has the lowest efficiency, the efficiency being about one-tenth 
that of a vapour compression machine when working between the same tem- 
perature limits. 

Absorption machine. 

This machine depends for its operation upon the use of two substances which 
have an affinity for each other, but in which the union may be broken easily by 
the application of heat. 

♦ Absorption in the case of a solid is a capillary action whereby a fluid is drawn into small , 
crevices. All liquids will absorb a certain proportion of gas. Adsorption is a surface action 
that may be regarded akin to condensation. 

f See p. 284. \ 

t This is known as the Open cycle and is the only air cycle which had any extended use.' : 
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Fig. 140. Diagrammatic arrangement of the Electrolux refrigerator. 


To face p . 283 
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The principal combinations are sulphuric acid and water, or ammonia and 
water. 

It was in 1810 that Leslie conceived the idea of using sulphuric acid to absorb 
water vapour; and carried out his plan by placing two saucers under a bell jar 
which was attached to a very powerful vacuum pump. 

The vacuum caused rapid evaporation of the water, the vapour from which 
was readily absorbed by the sulphuric acid, which was agit ated to prevent surface 
dilution. 

With moderate insulation this machine will rapidly produce ice, but, because 
of small air bubbles released from that water under the low pressure, and frozen 
in it, the ice is opaque and spongy. 

I 

The Electrolux refrigerator (“Th^ flame that freezes”). 

An ingenious small modern absorption machine in which ammonia and 
hydrogen combine to produce a coaling effect has been developed by “The 
Electrolux Co. of Luton ”, through whose courtesy I am permitted to publish 
Fig. 140. The machine consists of f 

(1) A vertical boiler in which an aqueous solution of ammonia can range itself 
from almost distilled water at the bottom of the boiler to strong ammonia vapour 
at the surface of the liquid. 

(2) A water separator which is provided to prevent water entering the evapo- 
rator, where it would freeze and choke the machine. The water is derived from 
the steam generated with the ammonia in the boiler. 

To remove the steam and at the same time allow anhydrous ammonia to pass 
on to the condenser, the separator is jacketed with liquid anhydrous ammonia 
at a pressure of about 2001b. per sq. in., for which the saturation temperature 
is 38° C. 

(3) The anhydrous ammonia is liquefied by passing it through a condenser, 
after which the liquid gravitates to a U-tube type of gas seal prior to entering the 
evaporator, which is labelled low temperature radiator in Fig. 140. 

(4) In the evaporator the ammonia meets an atmosphere of hydrogen* at 
170 lb. per sq. in. Now since the plant is charged to a pressure of 200 lb. per sq. in. 
Dalton’s law operates in the evaporator, the pressure of the NH 3 falling in con- 
sequence to 30 lb. per sq. in. and the temperature to — 18° C. 

In general this temperature will be considerably lower than the ambient air; 
SO that the ammonia evaporates as the result of heat flowing in from the sur- 
rounding media. 

* Hydrogen is employed because it is relatively light and will therefore facilitate cir- 
l culation in the machine by the pronounced difference in density between the boiler and 
evaporator. H does not react with NH S or H 2 0 and these substances will not dissolve it. 
The hydrogen is sealed in the evaporator and absorber by dilute ammonia on one side and 
by* the anhydrous liquid in the U-tube, the pressure difference promoting circulation being 
very small. 



284 Refrigeration 

(5) To secure continuous action the hydrogen must now be separated from the 
ammonia vapour. This is effected in the absorber, where a descending spray of 
very dilute ammonia meets the ascending mixture of hydrogen and anhydrous 
ammonia vapour. 

The ammonia vapour is rapidly absorbed with the evolution of heat, so that 
the absorber has to be water or air cooled; otherwise evaporation would take 
place in this unit, and absorption cease. 

With a view to further improvement in thermal efficiency, heat interchangers, 
operating on the contra-flow principle, are placed on the outlets from the absorber 
and evaporator. 

The strong solution issuing from the absorber is preheated on its way to the 
boiler, and in turn the dilute solution on its way to the absorber is cooled, thereby 
accelerating absorption. 

To reduce the quantity of heat returned to the evaporator by the hydrogen, 
and to use it profitably, an interchanger is fitted on the evaporator. 

The circulation in the unit is effected by gravity, so that no working parts are 
involved, and the machine is very compact, durable, and easy to regulate. 

Adsorption machines (“Sand that free7.es”). 

In these machines the solvent liquid is replaced by a solid into the minute pores 
of which the vapour, used for the production of cold, is “adsorbed”; later the 
application of heat will release the adsorbed vapour. 

“Silica gel ’ ’ is the most widely used adsorbent. It is a hard substance resembling 
quartz sand, and is produced from sodium silicate by the action of an acid. The 
name “gel” is misleading, because its final form is not jelly-like, but granular, 
although during production it passes through a gelatinous stage. 



When employed for refrigeration the gel is used in conjunction with sulphur 
dioxide. In its activated form the gel will adsorb S0 2 so rapidly that a low pres- 
sure is produced, with its corresponding low temperature. 

When the gel granules have taken up about one-fourth their weight of SO a , 
the rate of adsorption becomes so slow that the gel has to be re-activated by the 
addition of heat. 
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To render the process continuous two adsorbers are provided to operate alter- 
nately with a condenser and evaporator, one adsorber operating while the other 
is being re-activated. 

Although absorption and adsorption machines are extremely simple, and will 
work for long periods without attention, they are only about one-third as efficient 
as vapour compression machines; so that they are best suited for small work 
unless a large supply of waste heat is available, in which case much larger 
refrigerators may be economically employed. 

Vapour compression refrigerating machines. 

>l 

In a vapour compression machine the heat removed from the cold body, by 
evaporation of the refrigerant, is given £ thermal potential, so that it can gravitate 
to a natural sink, by compressing the Vapour produced. 

At the present time vapour compression machines are used more extensively 
than any other; and in a thermodvnataiie sense they give the highest efficiency. 

To Jacob Perkins is due the creditiof having invented a vapour compression 
machine in 1834, but it was not until 1876, when Prof. Linde of Munich introduced 
his ammonia compressor, that further progress was made. 

The cycle of operation in vapour compression machines. 

In principle an ammonia compressor resembles very closely an air compressor 
and produces cold in the following way; On the outstroke of the piston (Fig. 142) 
a partial vacuum is formed which vaporises the NH 3 in the evaporator with a 



Fig. 142. Diagrammatic arrangement of a vapour compression refrigerator. 
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corresponding abstraction of heat from the body to be cooled. To reject this heat 
the gas is compressed until the temperature is sufficiently high for the heat to 
gravitate to a natural sink. The transference of heat from the vapour to the sink 
occurs in the condenser, where the vapour is condensed prior to its return to the 
evaporator via a throttle valve J, when the cycle is repeated. 

In actual refrigerating plants ancillary equipment is provided in the form of 

(1) A dirt catcher 8 to protect the compressor from tube scalings, etc. 

(2) A lubricating oil separator R to protect the condenser from deposits of oil. 


^ MECHANICAL LUBRlOATOR 
FOR QLANO AND 


DELIVERY 

QAUQE 

TO SUCTION SUCTION f | V ByOTlON 
OAUOE 


NCUCF ANO 
BV*AAf S VALVF 



Fig. 143. Horizontal double-acting ammonia compressor. 


(3) A liquid receiver 0 to contain the reserve NH a , and to act as a gas seal, 
between the condenser and evaporator, since any leakage of gas past the throttle 
would convey sensible heat from the high-pressure side of the circuit to the low- 
pressure side without making any contribution to cooling. 

(4) Relief and by-pass valves are fitted on the cylinder (see Fig. 143), the relief 
valve to limit the maximum pressure developed in the cylinder, particularly when 
liquid is present, the by-pass to facilitate starting by short circuiting the gas from 
the discharge to the suction side of the compressor. 

When the machine has attained normal running speed the by-pass valve is 
closed. 

(5) Careful attention must be given to the piston rod packing to prevent gas 

leakage to the atmosphere. This is effected by placing a distance piece — known as 
a “lantern ring” because of its resemblance to the framework of an old time 
lantern — between the two sets of packing (see Fig. 144). A tapping is then taken 
from this ring to the suction side of the compressor .* ij; - . 


* The invention of Hornblower, 1781. 
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Alternatively oil, at a pressure higher than the maximum pressure in the 
compressor, may be supplied to the lantern ring. Any leakage to the atmosphere 
will then be oil and not gas. 

Design has altered very little since the time of Linde, except that increased 
speed has necessitated improved lubrication, improved valves and water cooling 
of the cylinder (see Fig. 143). 

With a view to producing economy in space, and better balance and torque, 
the modern tendency is to build multi-cylinder machines (see Fig. 145), but the 
essential principles remain unchanged. 

In its evolution the compression system has been more concerned with finding 
a suitable working fluid rather than with improving the mechanical design. 

The choice of a refrigerant. 

Theoretically any substance which has a boiling point at the lowest tem- 
perature required, without involving abnormalities in pressures or volumes which 
might involve constructional difficulties, could be used as a refrigerant. In practice 
other considerations arise. 

The fluid should not attack metals commonly used in engineering. It should 
be non-poisonous, and readily obtainable. It should mix with oil and remain 
chemically stable. With a view to mechanical simplification of the refrigerator, 
without undue reduction in efficiency, the latent heat should be high compared 
with the sensible heat (see p. 294), and the critical temperature should not be 
within the working range. 

Ammonia is regarded as the most generally useful refrigerant because 

(а) The working pressures are moderate (in the region of 180 lb. per sq. in.). 

(б) The critical pressure is outside the working range. 

(c) The sensible heat is small compared with the latent heat. 

Unfortunately the gas is asphyxiating and attacks many non-ferrous metals, 
the crystal boundaries being broken down with the result that these metals 
disintegrate. 

Carbon dioxide is also used. It is almost non-poisonous, and the heat which 
it will extract per cubic foot is the highest known of any refrigerant. These 
advantages make it especially suitable for marine work, but unfortunately the 
necessary working pressure is in excess of 1000 lb. per sq. in. and the critical 
temperature is only 86° F. 

Sulphur dioxide (S0 2 ), Ethyl chloride and Methyl chloride are in common 
favour for domestic refrigerators, because the quantity in circulation is fairly 
large and therefore great precision in making the machines and maintaining them 
against piston and valve leakage is not necessary. The pressures are moderate, 
and the fluid will mix with oil in the compressor, but the difference in density 
between oil and SO a is so great that the oil may separate before the SO a vapour 
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enters the condenser. The strong affinity which S0 2 has for water, and the 
corrosive acid which is produced as a result, means that special precautions must 
be taken to prevent the ingress of water into the plant. 

The unit of refrigeration. 

The performance of a refrigerator depends largely upon the temperature range 
and conditions of working of the plant, so that it is difficult to devise a standard 
unit of capacity. 

On the Continent one kilogram calorie per hour is employed,* and is known as a 
Frigorie, the brine being cooled from -f 2° to — 5° C. with cooling water entering 
at 10° C. and leaving at 15° C. 

In England the rated capacity of a machine is defined as the number of calories 
per second it will extract from brine atf 0° to — 5° C., and cooling water at 15° C. 
inlet and 20° C. outlet. 1 calorie per se0. is 342,860 b.t.u. per day of 24 hr. 

In America the ton of refrigeration ijB employed thus : With the latent heat of 
ice at 142 b.t.ij. per lb. and the water ai 32° F. the heat to be extracted per ton of 
ice formed is 280,000 b.t.u., the standard commercial ton being at the rate of 
200 b.t.u. per min. 


The ideal refrigerator. 


On p. 68 it was shown that when a heat engine operates on the Carnot cycle 
the greatest amount of work was done for a given expenditure of heat, and that, 
in the absence of losses, the forward engine would drive the reversed engine as 
a refrigerator. For a refrigerator operating on the Carnot cycle the heat extracted 
at temperature T 2 would be RT 2 log e r per lb. of refrigerant, and the heat rejected 
to the forward engine would be RT X log c r per lb . of fluid, where T x is the temperature 
at which the heat is discharged. Hence the work done in effecting the extraction 


= R{T X — T 2 ) log^r per lb. of fluid. 

Now since the object of a refrigerator is to produce cold, it is reasonable to 

measure the success of our efforts by taking the ratio as the 

17 ® Work expended 

measure of efficiency. This ratio is usually greater than unity, so the name 
efficiency hardly seems appropriate; it is therefore named The coefficient 
of performance (c.o.p.). 

. For a refrigerator operating on the Carnot cycle then, the coefficient of per- 
formanoe is given by T, _ 

R(l\-%)\og e r 21 -3V ' K 

For the given temperatures this ratio represents the highest efficiency attain- 
able by any machine, because if a cycle could be devised which would give a 


* One calorie is one kilogram of water raised through 1° C., i.e. 2*2046 lb. through 
1° C. = 2-2046 c.H.u. 


WHE 


19 
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higher value, it would mean a greater heat extraction for a given expenditure of 
mechanical work. 

Now with the forward engine driving the reversed, as described on p. 68, to 
extract more heat than is returned would involve a natural flow of heat from the 
cold body to the hot body, and this is contrary to the second law of thermo- 
dynamics. 


Ex. On the Carnot refrigerator. 

By means of a reversed perfect heat engine ice at 32° F. is to be made from water at 
67° F.; the temperature of the brine is 12° F. How many pounds of ice can be made per 
I.H.P. hour supplied to the engine ? 

Latent heat of ice = 142 b.t.tj. per lb. 


Heat to be extracted per lb. of water = (67 — 32 -f 142) = 177 b.t.tj. 

33 000 

Heat equivalent of one i.ir.p. hour = — x 60 = 2545 b.t.tt. 


The coefficient of performance of the reversed Carnot 

T 2 _ 460+12 _ 472 
— T x — T\ ~ 67 — 12 ~ 55 ‘ 
Let w be the pounds of water frozen, then 

472 _ w x 177 
55 ~'l!545~* 
w = 123-3 lb. of ice. 


Ex. Capacity and horse-power of a perfect refrigerator. 

The rated capacity of a perfect refrigerator is 100 units when operating between 
— 5° and +20° C. Taking the latent heat of ice as 79 c.h.u., calculate the weight of ice 
produced in 24 hr. from water at 11° C., and also the minimum H.P. required. 

Rate of heat extraction = 100 x 2-2046 = 220-46 c.H.TJ. per sec. (See p. 289.) 

Heat to be extracted per lb. of water = (79 + 1 1) = 90. 


Weight of ice in 24 hr. = 

T a _ 268 
T,-T~ 25 


220-46 x 3600 x 24 
90x2240 


O.O.P. = 


= 94-4 tons. 


10-72. 


. „ T , , 220-46 

.*. Work done per sec. = iQ ~ 72 0-H,XT * 


H.P. 


220-46 x 1400 
10-72x650 ~ 


Bell -Coleman Refrigerator. 

The Bell-Coleman cold air cycle is morely the reversed Joule cycle, which in 
its forward form was described on p. 73. 

In the case of a refrigerator the heater is replaced by a cold chamber in which 
the material to be cooled supplies the heat at the low pressure p a . 
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Per lb. of air the heat extracted is given by C p (T c — T e ), and the heat rejected 
to the cooler is C p (T b -T f ). 

Since compression and expansion,* in the ideal machine, aro considered 
adiabatic, the work done per lb. of air is given by 

C p [(T b -T f )-(T c -T e )]. 



Reception of Heat 


> Fig. 147. Bell-Coleman cycle. 

* An adiabatic expansion is a reversible operation and reversibility is the condition for 
maximum of efficiency in any heat engine (see p. 66). In addition an adiabatic expansion 
produces the greatest temperature change for the least expenditure of mechanical work. 
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Hence the coefficient of performance (o.o.p.) is given by 

C p [T e -T e ] 


But 


c.o.p. = 


C p [(T b -T f )-(T c -T e )Y 

1 


c.o.p. = 


T c -T e 


I -1$f I 


. Ti = T » 

” t c t; 


C.O.P. = 


T b r\-T l ITi\_' 

ToU-tjtJ 


By (1), 

Hence (2) becomes c.o.p. 


T l _T e 
T b ~ T c ‘ 


m tm i 


( 1 ) 

( 2 ) 


(3) 


Had the Carnot cycle been employed, the upper temperature limit would not 
have exceeded and since, on this cycle, the heat is extracted at constant 
temperature, it need not have fallen below T c> whence the corresponding Carnot 
T 

coefficient becomes » which is greater than the coefficient given by (3). 

lf — l c 


Ex. On the Bell-Coleman refrigerator. 


The pressure limits in a Bell-Coleman refrigerator are 60 and 15 lb. per sq. in. absolute, 
and the circulating water reduces the air after compression to 17° C. What is the lowest 
temperature produced by an ideal machine? 

Compare the c.o.p. of this machine with that of a Carnot working between the same 
pressure limits if, at the commencement of compression, the temperature is — 13° C. 



c.o.p. = 


T e = (273 + 17) 

Temperature 
7 T 

c x a 


l\3-5 


273 
= 195 

= - 78° C, 
195 


= 2-05. 


T b -T c T t —T t 290-195 
On the Carnot cycle the temperature limits need not exceed 17° and — 13° C. 


0.0 .P. 


260 
17 + 13 


8 - 66 . 
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Lord Kelvin’s warming engine (heat pump).* 

In 1852 Lord Kelvin drew attention to the immense waste which results from 
heating buildings by a source of heat at high thermal potential; for example, 
coal, gas, or electric fires. He suggested that heat at this potential would be 
better employed in a heat engine which in turn would drive what is virtually a 
refrigerator. The refrigerator, or more properly the reversed heat engine, would 
take in heat at a low thermal potential, of which Nature provides an abundance, 
and merely elevate the thermal potential of this heat until it has a warming effect. 
In addition to the heat pumped up from Nature’s source the entire heat in the 
fuel would also be available, since that used in pumping would be added directly 
to the natural supply, whilst the nofnrnl exhaust and cooling water heat loss 
(in the case of internal combustion engines) could be deflected into the stream of 
warm air discharged from the reversed heat engine. 

If the heat pump operates on the Reversed Carnot cycle the heat taken in at 
atmospheric temperature T 2 is RT 2 l6g r r, and the work done per lb. of air in 
elevating this heat to the room temperature T x is 

JJ(2\ — 3T a ) log,/- (see p. 67). 

Hence the heat discharged per lb. of air 

= RT 2 log, r + — T 2 ) log, r = jRJ\log e r. 

Heat discharged __ RT x \og e r __ T x 
Work done ~ R( r J\ — T 2 ) log c r T x — Tf 

Let tj x be the overall thermal efficiency of the forward engine which drives a 
reversed heat engine having an efficiency rj 2 of the ideal ; then the heat discharged 
by the heat pump per lb. of fuel, having a calorific value (c.v.), is 

T 

(c.v.)?i 

If the room temperature is to be 20° C. when the atmosphere is at freezing 
point, then T x = 293 and T t -T 2 = 20; 7j x may be 30 % and r/ 2 80 % in which case 
the heat discharged per lb. of fuel * 

OQQ 

= (c.v.) 0-3 x 0-8— - «= 3*52 (c.v.). 

6VJ 

Heat discharged from the exhaust and cooling water = (1 — 7 h) (c.v.). 

Total heat available for warming = (3*52 + 0*7) (c.v.) = 4*22 (c.v.), compared 
with the (c.v.) of the fuel which would be the only heat available had direct 
heating been resorted to. 

The vapour compression refrigerating cycle shown on the T<f> and pv 

diagrams. 

Sinoe all vapours obey similar physical laws, the T<j) diagram for a refrigerant 
is very similar to that for steam; but since entropy is measured relative to 0° 0., 

* Engineering , March 1943, p. 221. Proc. Inst . Mech. Eng. vol. cuv, p. 144 (Sept. 1946). v 
See also exercise “Heat pump”, p. 851. 
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and refrigerator problems usually involve temperatures below 0°C., this often 
leads to confusion with the positive and negative quantities introduced. Begin- 
ners are often puzzled when they discover the total heat and total entropy of a 
vapour less than the corresponding values for the latent heat* 

These difficulties disappear when the summations are treated as algebraic, thus: 

H = h + L } <f> v = 0/ 4- (j)^ 

where is the entropy of the liquid relative to 0° C. and <j> L = LIT. 

When h and (j> l are negative, H and <p v are less than L and $ L (see Fig. 149, No. 1). 

To simplify the consideration of the process of refrigeration on the T<j> diagram 
each operation is shown on a separate chart (Fig. 149), and the heat flow is repre- 
sented to scale by the shaded areas. 

In No. 2 we imagine that the refrigerator is at rest with the piston at the 
commencement of the suction stroke, and the evaporator coils are flooded witji 
liquid at temperature T 2 . On the outstroke of the piston, heat to the extent of 
the hatched area is extracted if the subsequent compression is to be completely 
Dry ;f alternatively, if evaporation is incomplete, Wet compression will proceed 
from 6'. 

No. 3 represents the total work done on suction, adiabatic compression 
and discharge, this being equal to the work done on the Rankine cycle. On wet 
compression the work done and heat extracted are proportionately less (see line 
6 V, No. 3). 

During the constant-pressure stage heat is rejected, in the condenser, to the 
extent shown by the horizontally shaded area (No. 4). 

Finally, the liquid at temperature T x is throttled at constant total heat to T 2 , 
the black areas (No. 5) being equal, because the diagonaled portion is common 
to both the total heat at T 2 and the liquid heat at T v 

In a way the throttling process has an unfortunate result, because it reduces 
the heat extracted from the amount shown in No. 2 to that shown in No. 0, 
and obviously the greater the temperature difference (T y — T 2 ) the greater this 
reduction. 

The coefficient of performance (o.ft.p.) = — ^ ex ^ aC ^ e( ^ . 

Work done 

• oop- Net refrigerating eff ect (Fig. 149, No. 6) 

Work done (Fig. 149, No. 3) * 

For the completely dry cycle shown in Fig. 149 

oop (£ & ~ kg) measured relative to a 

(H c —H b ) measured relative to a* 

* Some tables of refrigerants measure the heat content relative to -40° F. since thi* 
represents the same temperature as — 40° C., and negative quantities are avoided. 

f See also p. 309. Dry compression is now almost universally employed, because with ’ 
wet compression there is a danger of damaging the cylinder, and evaporation on suction 4 
stroke causes the volumetric efficiency to be less than with dry compression. 
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Ex. Ideal and real coefficients of performance. Production of ice. 

(Whitworth 1925.) 

Determine the theoretical coefficient of performance for a C0 2 refrigerator working 
with wet compression between pressure limits of 826 and 386 lb. per sq. in. 


Pressure 

t° C. 

Total heats 

Latent 

Entropy 

Liquid 

Vapour 

heat 

Liquid 

Vapour 

826 

20 

14-37 

51-3 

36-93 

0-045 

0-171 

386 

-10 

— 4*31 

67-16 

61*47 

— 0-019 

0-215 


If the actual machine had a relative efficiency of 40 %, find the ii.p. required to make 
a ton of ice per hour. Assume that 105 c.h.u. must be taken from each pound of water 
to change it to ice. 

From Fig. 150, 

(f> c relative to 0° C. = 0-171 

<f> a relative to 0° C. = -0-019 

(0 C — 0 O ) = 0-190 = (f> b relative to a. 

Total heat at c relative to 0° C. 

Sensible heat at a relative to 0° C. 

(H-K) 

which is the total heat at c relative to a. 

Total heat at b relative to a = 0 19 x 263 = 

. Work done on the compression cycle = 

Total heat extracted relative to a = 

Sensible heat at d = -f 14*37 

Sensible heat at a = — 4-31 

Sensible heat at d relative to a (i.e. 
heat returned via throttle) 

Net refrigerating effect = 



o.o. p. == 


31-32 

5-61 


18-68 

c.o.p. = =L 

31-32 

Fig. 160. 

5-576. 



Actual o.o.p. = 5-576 x 0-4 = 2-228. 

Heat to be extracted per hour = 105 x 2240 c.n.rr. 

H.P. required to make a ton of ice per hour = 224 0 x 1400 _ _ . _ 

* 2-228 x 33,000 x 60 ~ 


Methods of reducing the amount of heat returned via the throttle valve. 

The following methods have been proposed, and some are employed, to reduce 
the amount of heat returned to the low temperature side of the plant from the 
high temperature side : 
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(1) The use of an expansion cylinder so as to make the cycle reversible. 

(2) Precooling, by passing the high-pressure liquid through an auxiliary cooler 
which is supplied with water of lower temperature than the main cooling water. 

(3) Multiple expansion, wherein two throttle valves are placed in series. 

(4) Multiple expansion combined with compound compression. 

Vapour compressor with expansion cylinder (Carnot cycle). 

If, instead of throttling the liquid, mechanical work were done by allowing 
the liquid to expand adiabatically behind a piston, the return of the heat, repre- 
sented by the triangular black area, would be entirely avoided. 

The objections to this method are the extra expense and complications involved 
— economy in heat being only one form of economy. As the liquid is almost 
incompressible, a change in the quantify in circulation will involve a change 
in the swept volume of the expansion Cylinder, if throttling is to be entirely 
avoided. 


Ex. Vapour-compression refrigerator with expansion cylinder compared with 
actual refrigerator. (B.Sc. 1931.) 

Define the coefficient of performance of a refrigerating plant working between upper 
and lower temperature limits T x and T 2 . 

The theoretical coefficient of performance of a vapour-compression plant working 
between 20° and — 5° C., in which the working agent is just dry and saturated after 
compression and there is no undercooling, is 10-2 when NH a is the working agent and 
7*6 when C0 2 is used. Find the ideal coefficient of performance for this range and clearly 
explain why the given coefficients differ from the ideal and from one another. 

_ Heat extracted 
c.o.P. — \y or k done 

In an ideal refrigerator the operations are reversible and consist of two isothermals 
and two adiabatics. (The Carnot cycle, see p. 289.) 


T 

,\ c.o.P. for an ideal machine = „ — -,~- 

•* i~ 1 2 


273 + (-6) 
“20— (—5)" 


= 10 62 . 


It should be observed that when working on the ideal cycle the c.o.P. is independent 
of the refrigerant used. The c.o.P. s quoted differ from the ideal because the machines are 
obviously working with throttling instead of with an expansion cylinder. The fact that 
the o.o .P.s differ from each other adds weight to this, since* C0 2 , in operating near its 
critical point, returns a proportionally greater amount of heat via the throttle to that 
extracted. 


Undercooling (precooling). 

A saving in the heat returned, via the throttle, could be effected by reducing 
the temperature T x of the liquid, prior to throttling, either by a supply of water 
colder than the main circulating water, or by employing some of the cold pro* 
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duced. Both methods involve financial outlay, the cold water often having to 
be pumped from a deep bore well, and, being inadequate in quantity to effect 
the whole of the condensation, is employed merely for dropping the temperature 
of the liquid in a separate condenser prior to throttling. 

Ex. Undercooling on reversed Rankine. (Senior Whitworth.) 

A steam engine is reversed in its action to become a heat pump. Steam at a dryness 
fraction 0*8 and pressure 1 lb. per sq. in. is compressed to a pressure of 120 lb. per sq. in. 
It is then liquefied in a condenser to 100° C., after which it passes through a throttle 
valve into coils around which hot air is circulating. The pressure in the coils is kept at 
1 lb. per sq. in. Estimate the heat which passes from the air to the water steam in the 
coils if the cycle is ideal (Rankine) in its action. 

What would be its theoretical coefficient of performance as a refrigerator? 



From the H<f> diagram the work done on the reversed Rankine cycle is 172 C.H.U. 

Latent heat at end of suction stroke = 0*8 x 573*8 = 458*5 
Sensible heat at end of undercooling = 99-0 
Sensible heat at 1 lb. per sq. in. = 38*6 
Heat returned via throttle relative to a = 61*0 

Net refrigerating effect » 397*5 


o.o.p. 


397*5 


172 


2*31. 



Refrigeration 299 

Precooled cycle for CO z using cold circulating water. 

With CO a in the region of the critical pressure we are dealing with a highly 
compressible liquid, and therefore the constant-pressure cooling curve cdef 
(Fig. 152) departs from the liquid line into the liquid field. 

The heat rejected during the constant- pressure cooling is the area below the line 
cdef bounded by the vertical ordinates through c and / and the abscissa 0. 

The sensible heat returned via the throttle is h f , and if this is measured relative 
to a, difficulties with sign can be avoided. 

i 

. v* 

Constant Press. | 



Fig. 152. C0 2 cycle with constant-pressure precooling. 


The net refrigerating effect is the total heat at b, measured relative to a, minus 
h f measured relative to a, and is represented by the diagonaled area. The total 
heat at b relative to a is but a portion of the latent heat, i.e. x 2 L 2 ) hence the 
net heat extracted = (x 2 L 2 — h f ). 

*Trecooling at constant pressure is produced by external cold, not by multiple 
expansion, so that the work done by the compressor is the total heat at c relative 
to a, i.e. H c less H b . This difference may be expressed as 

H e - (Net refrigerating effect + h f ), 

which is the hatched area, not the area bcdefgh, because of the irreversible step fh, 
which increases the work by the area beneath fh. 

If the temperature of the cooling water is so high that the pressure during 
condensation is above the critical pressure, the dotted constant-pressure curve 
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c'f is followed; the heat rejected to the cooling water being represented by the 
area beneath c'f, the net refrigerating effect by the area beneath h'b, and the 
work done by (//' — II h ). 

Undercooling: C.O.P., H.P. and refrigerating effect. 7 

The compressor of a C0 2 refrigerator is double acting, displaces 30 oil. in. per 
stroke and runs at 200 r.p.m. The temperature of the vapour in the evaporator 
is + 5° F. and in the condenser + 80° F. If the liquid in the condenser is under- 
cooled to + 60° F. before passing through the expansion valve, the dryness 
fraction of the vapour at the beginning of compression is 0-9 and the compression 
is adiabatic; find 

(а) The theoretical c.o.p. 

(б) The h.p. of the compressor, assuming a volumetric efficiency of 85 %. 

(c) The refrigerating effect in b.t.u. per min., assuming that it is 20 % less than 
the theoretical. 


Tem- 

pera- 

ture 

°F. 

B.T.U. 

Specific volume 

Entr 

opy 

Pressures 
lb. per 
sq. in. 
absolute 

h 

L 

Liquid 

Vapour 

r 

Liquid i 

I 1 

Vapour 

+ 5 

— 13-16 

115-3 

0-0163 

0-2673 

-0-0275 

0-2207 

334-4 

60 

16-9 

76-1 

0-0197 

0-0992 

0-0335 

0*1801 

744-2 

80 

36-2 

45-88 

0-0235 

0-0613 

0-0679 / 

0-153 

964-3 


* i 

Specific heat of vapour at 80° F. = 0-6. / 


^vapour at 5° F. relative to 32° F. = 0-2207 

^liquid at 5°F. relative to 32° F. = —0-0275 
= 4>l = 0-2482 

<j> b relative to a = 0-9 x 0-2482 = 0-2234 

^vapour at d, 80° F. relative to 32° F. = 0-1530 
liquid at a, 5° F. relative to 32° F. =-0-0275 

Increase in <fi due to superheat 


0-180£p 

0-042' ^9 



T, 


°' 6,o «-(460?80)- 0 ' I>429 - 


* 


whence T e = 581 

T d = 540 
Degree of superheat = 41 


<c 


Fig. 163. 
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Heat due to superheat = 0-6 x 41 

as 

24-6 

Hatd relative to 32° F. 

s 

81-08 

at a relative to 32° F. 

= 

- 13-16 

H c relative to a 

= 

118-84 

H b relative to a = 0-9 x 115*3 

= 

103-8 

Work done 

= 

15-04 

Or H b relative to a = 0*2234 x 465 

= 

103-8 

*h f relative to 32° F. = 16*9 



h a relative to 32° F. = —13*16 



hf relative to a 

= 

30-06 

Net refrigerating effect 

as 

73-74 


73-74 . A 

c.o.p. = r.„, = 4 - 9 . 


J5-04 


Effective swept volume per minutei : 


0-85 x 2 x 30 x 200 
12 3 


= 5-9 cu. ft. 


301 


Total volume of refrigerant at 5' F. = (l—x) v t + xv v = 0-1 x 0-0163 = 0-00163 


0-9 x 0-2673 = 0-2406 


Total volume 

Mass circulation = 

h.p. of compressor = 


6-9 


0-24213 

24-4 x 15-04 x 778 
33,000 


= 0-24213 
= 24-4 lb. per min, 

= 8 - 66 . 


Refrigerating effect in b.t.u. per minute = 0-8 x 73-74 x 244 = 1440 b.t.it. 


Total heat chart for refrigerants. 

As with steam engines, for the purpose of practical calculation, it is much 
more useful to employ a chart in which total heats are plotted against <p (Fig. 72) 
instead of T against <j>\ since then heat changes may be obtained by merely 
scaling a length off the chart. 

Unlike Mollier charts for steam, however, the axes on which H and <f> are 
plotted for refrigerants are oblique in order to exhibit the refrigerating cycle 
more clearly on a diagram which would otherwise be cramped. 

The precooled refrigerator cycle described on p. 299 is plotted on the H<j> chart 
(Fig. 154), the same letter being assigned to the corresponding points on each 
diagram. 

All the heat quantities involved in each stage of the cycle are clearly marked, 
and in the event of undercooling not being resorted to, heat rejection will cease 
at e, the end of the condensation phase, the heat extracted then being reduced by 
the amount of heat which formerly was lost by undercooling. 

* To be correct allowance should be made for h t actually being at 964 lb. per sq. in., not 744. 




Fig. 155. 


4 
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Ex. Operation of refrigerator. H<f> and T<f> charts. (B.Sc. 1935.) 

Describe the cycle of operations in a vapour-compression refrigerating plant and 
sketch the cycle on a temperature-entropy and a total heat-entropy diagram. 

Find the theoretical coefficient of performance of such a plant when working between 
the pressures of 850 and 350 lb. per sq. in. if the working fluid is just dry at the end of 
compression and has the properties given below: 


Pressure 

Tempera- 

Total heat 

Entropy 

lb. per 
sq. in. 

ture °C. 
absolute 

Liquid 

Vapour 

Liquid 

Vapour 

850 

295 

14-8 

! 49-7 

0047 

0-167 

350 

261 

- 4*4 

l 56-0 

— b 

-0-018 

0-214 


See Fig. 155. 

( i> c relative to 6° C. = 0*107 

<j) a relative to (f° C. = —0-018 
(&-&,) : = 0-185 

Total heat at c relative to 0° C. = 49*7 

Sensible heat at a relative to 0° C. = — 4-4 

(Hc-K) = 54*1 

H b relative to a = 0*1 85 x 261 = 48*3 

Work done on compression = 5*8 

Total heat extracted relative to a — 48-3 
Sensible heat at d = 14*8 

Sensible heat at a = — 4*4 
Sensible heat at d relative to a = 19*2 
Net refrigerating effect — 29*1 

29-1 

Theoretical c.o.p. = —5- = 5-02. 

5*8 


From the total heat chart the work done, and the heat extracted, may be scaled off 
directly, giving 


c.o.p. 


29*4 

6*1 


4-82* 


-The difference in the results is due to the H<f> chart having being plotted from other 
. C0 2 tables. At present there appears to be no uniformity in the published values of the 
properties of refrigerants.* 

' *1 , ^ 

, * “Report on the accuracy of the Refrigeration Research Committee’s Charts”, Proc . 
Xnet* Mech . Eng . vol. oxxrn, p. 261 (Sept. 1940). 
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Ex* Mass circulation. Fluid states. Heat rejected. Bore and stroke. 

(B.Sc. 1932.) 

A C0 2 refrigerator produces 5 tons of ice at 0 ° C. from water at 12 ° C. per day of 
24 hr. It operates between the pressure limits 
of 850 and 380 lb. per sq. in. on the cycle 
shown of the total entropy skew diagram. 

If the compression were isentropic it would 
terminate at the dry condition B (Fig. 156). 

The compressor takes IOh.p., of which 17*5 % 
is expended in external losses; the remainder 
is spent internally upon the fluid in com- 
pression. Find 

(a) the circulation of the fluid; 

( b ) the fluid states at beginning and end 

of compression, A, C; 

(c) the heat per second to be taken out in 

the cooler. 

Take the specific heat of C0 2 in the super- 
heat field at 0*5 and the latent heat of ice at 
80 c.H.u. per lb. 

T * i . . 5 x 2240 

Ice produced per minute = 



24x60 

Heat extraction per minute = 7*78(80 + 1 2) 


= 7*78 lb. 

= 716 g.h.u . 


Net work done upon the refrigerant = 10(1-0*175) x — - 00 = 194.3 c 11 u 

1400 

n | n 

Actual c.o.p. based on i.h.p. = - = 3-69 

194-3 


= 0-211 
= -0-0225 


II 

-el 

0-167 


<i>j> = - 

-0-0225 

<f>D 

<}>A —<f>D ~ 

0-1895 

<f>A 


0-2335 = <f> L 

Dryness fraction at A (the beginning of compression) = — = 0-8115. 

0*2335 

Total heat at A' relative to 0° C. = 56-1 = — 5 - 2 + L. 

L at 380 lb. per sq. in. = 61-3 c.h.tj. 

Total heat at A relative to 0 ° C. = 0-8115 x 61-3 + (— 5 - 2 ) = 44-55 
Total heat at e relative to 0 ° C. — 9.9 

Net heat extracted per lb. of CO, = 35-55 

716 


Circulation of fluid < 


35-55 


= 20-17 lb. per min. 
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Neglecting radiation, the heat added to each pound of C0 2 as the result of work done 
in compression is 


194*3 

20*17 


9*64 c.h.u. 


Total heat at A = 44*55 
Total heat at G =54*19 
Total heat at B = 49*7 


Heat in superheat = 4*49 


Degree of superheat 


4*49 

0*5 


8*98° C., 


which is the state of the fluid at the end of compression. 

Total heat at C + = 54*19 

, Total heat at d \ = 9*0 

i 

Heat rejected to cooler per lb. of C0 2 = 45*19 

20*17 

Heat rejected per second = 45*19 x - = 15*2 c.h.u. 


Ex. Bore and stroke of a single-acting refrigerator. 

If, in the previous problem, the stroke is twice the bore, the speed is 80 r.p.m., and 
the volumetric efficiency of the compressor is 80 %, determine the bore and stroke, 
given the specific volume of dry saturated C0 2 at 380 Jb. per sq. in. is 0*233 cu. ft. per lb. 
and that of the liquid 0*0167 cu. ft. per lb. 

Effective volume of 1 lb. of wet C0 2 at the end of the suction stroke 

= 0*81 15 x 0*233 + (1 - 0*81 15) 0*0167 = 0*19225 cu. ft. 

0 4 A , 0*19225x20*17 not) _ 

Swept volume per stroke = — ^ x 1728 = 104*7 cu. m. 

' r “ 0*80 x 80 

If d is the piston diameter, then 

~ x 2 d= 104-7, 

whence d = 4*06 in., stroke = 8*12 in. 


Multiple expansion. 

Another way of producing precooling is to perform the throttling operation 
in two stages (Fig. 157), two throttle valves with an intermediate liquid receiver 
being provided to produce cooling by primary evaporation of the refrigerant. 
The first valve produces a moderate drop in pressure which results in partial 
evaporation of the liquid, since the sensible heat at the lower pressure is less than 
that at the higher. The vapour produced passes direct to the compressor for 
recompression, whilst the remaining precooled liquid passes a float-controlled 
throttle valve (Brier's automatic regulator) before entering the evaporator. 


WHE 


20 



306 Refrigeration 

By adopting multiple expansion the compressor has to deal with gas at two 
suction pressures, for which purpose multiple effect compressors have been 
evolved by Voorhees. 

In their simplest form they are fitted with a cylinder resembling in principle 
that of the uniflow engine (see p. 239). On the suction stroke low-pressure gas 
from the evaporator is induced, but at the end of this stroke the piston uncovers 
ports which are in communication with the intermediate liquid receiver. The 
irreversible flow of intermediate pressure gas from the receiver produces a super- 
charging effect in the cylinder, as well as precooling the liquid returned to the 
evaporator. 



Fig. 157. Arrangement of multiple effect refrigerating plant. 

Precooling of course is of the greatest importance when C0 2 is used for re- 
frigeration in tropical countries, since the machine then operates in the region of 
the critical pressure, and therefore the heat removed by evaporation is small 
(on account of the small value of L ), whilst the sensible heat returned via a single 
throttle is great. It is claimed that, under tropical conditions, precooling improves 
the refrigerating effect by 125 %, and reduces the work done by 45 %. 

Compound compression. 

If a temperature considerably below 0° C. is required to produce rapid freezing, 
separation of gases, or solidification of C0 2 ; or the circulating water is at a high 
temperature, as occurs in tropical seas, the resulting compression ratio becomes 
too high to be conveniently and economically handled in one cylinder. Stage or 
compound compression is therefore resorted to. ^ 

In light high-speed compressors, where the valve guards cause the clearance 
space to be rather high, it is usual to employ stage compression immediately the 
compression ratio exceeds 5.* The loss of capacity which would otherwise occur, 
is thereby reduced, and to a certain extent the mechanical work also (see air 
compressors, p. 94). 

It should be observed that the adoption of a receiver pressure which makes the 
total work done a minimum often involves the circulation of brine through the 

* “ Refrigerator performance: An investigation into volumetric efficiency *\ Proc . Inst. 
Mech . Eng. vol. cxun, p. 227 (Sept. 1940). Also “Recent developments in refrigeration”, -•* 
Lord Dudley Gordon. Proc. Inst. Mech . Eng . vol. cxlix, p. 49 (1943). 
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interstage cooler, and because of this, the overall efficiency of the cycle may be 
reduced. 

When, as is customary, stage compression is used in conjunction with multiple 
expansion (or stage throttling), a further advantage is secured by connecting the 
second separator (Fig. 157) with the h.p. suction. This conserves the useful 
pressure energy which is normally lost in multiple effect compressors. 

The low temperature vapour from tho separator will also reduce the superheat 
in the gas discharged from the l.f. cylinder, so that the interstage cooler will not 
require so much brine to remove the superheat from the gas at interstage pressure. 
Hence the efficiency of the cycle will be further improved. 



Fig. 168. Compound compression single and multiple expansion. 

Because the mass in circulation is not constant, the multiple expansion cycle 
cannot be demonstrated correctly on a T(j) or H<j> chart, although these diagrams 
will give the state of the refrigerant at any point in the cycle, but not the heat 
quantities involved in each portion of the cycle. 

Ex. On multiple expansion. 

By making use of an H<j> diagram for C0 2 , compare the work done and the refrigerating 
effect when operating between pressure limits of 900 and 150 lb. per sq. in. 

(а) with a single throttle and single compression; 

(б) with two throttles and compound compression, the intermediate pressure being 
600 lb. per sq. in. 

Take the condition in the evaporator as 0-9. 
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From the H<f> diagram, the c.o.p. for a single-stage machine with single throttle 


330 


“ 16-3 


2*025. 


With multiple expansion and compression, the weight of liquid in the second separ- 
ator (Fig. 159), per lb. of gas compressed by the h.p. cylinder, is (1 -xj = 0*734 lb. 

This liquid passes through the second throttle to the evaporator, where its dryness 
is increased from x 2 to ar 4 . The vapour at dryness x i is then compressed by the l.p. 
cylinder. 



Fig. 159. H<f> diagram for multi-expansion C0 2 refrigerator. 


The 0*266 lb. of vapour passes from the separator to the h.p. suction, where it mixes 
with the 0*734 lb. discharged from the l.p. cylinder. There is an interchange of heat 
between these vapours in the intercooler, with a reduction in temperature of the 
superheated vapour. However, the superheat cannot be entirely removed by this 
means, since the separated vapour is dry and saturated before mixing. 

The entire removal of the superheat necessitates a supply of cold, and therefore the 
refrigerating effect suffers in consequence. 

At the end of the second throttling operation the amount of liquid to be evaporated 
per lb. of fluid circulating through the evaporator is (1 — x 2 ) = 0*725 lb. 

Per lb. of gas compressed by the h.p. cylinder the mass evaporated 

= (1 - ay (1 -x 2 ) = 0*734 x 0*725. 
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If the dryness at the end of the l.p. suction stroke is # 4 the net refrigerating effect, 
neglecting the loss by intercooling, is (1 -a?j) (1 —x 2 ) 

From the H<f> diagram the heat removed in the evaporator = 0-734 x 47-2 = 34-7 
Heat required by the interstage cooler = 0-734 x 3-1 = 2-27 

The net refrigerating effect, per lb. of fluid compressed by h.p. = 32-43 

Work done by h.p. cylinder per lb. of fluid = 5-0 

Work done by l.p. cylinder = 0-734 x 10*2 = 7-49 

Total work done 


= 12-49 


32*43 0 rft . 

C - 0P - = 12-49 = 2 ' 69 °- 


Because of the rapid divergence of the superheat lines, for high degrees of superheat, 
the improvement which attends multiple compression becomes even more marked in 
the region of the critical pressure. ■ 

To determine the dryness fraction oh evaporation that will theoretically 
give the highest coefficient of performance. 

For any initial dryness 6, prior to com- 
pression, the refrigerating effect (Fig. 160) is 
hb sin 0 , and the work done is be cos 0. 

The coefficient of performance is therefore 


hb sin 6 
be cos 0 9 

and this will be a maximum when hb/bc is a 
maximum, i.e. cot (j> is to be a maximum and 
therefore (j> must be a minimum. This value 
occurs when he is tangential to the constant- 
pressure line edef. 

Since the lines he and cf are nearly parallel, 
considerable changes in the dryness at b will 
have little effect on the coefficient of perform- 
ance. 

In practice, almost dry compression gives 
the best results, and so this is aimed at in 
modern machines, except when first “starting 
up” the machine. 



Fig. 160. 


Ammonia absorption machine. 

In the continuous absorption machine shown in Fig. 161, steam and NH 8 are 
generated, by the application of heat, to an aqueous solution of ammonia in 
proportions determined by Dalton’s law of partial pressures. 

The steam is separated by an analyser which is jacketed by ammonia returning 
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to the boiler from the absorber. The released NH S is then condensed prior to 
being passed through throttle valve (1) (Fig. 161), which separates the condenser 
on the high-pressure side from the evaporator on the low-pressure side of the 
system. 

Evaporation, under the low pressure existing in the evaporator, produces the 
desired cooling, and the gas produced passes on to the absorber where it is 
reabsorbed by the water from which it was driven off in the boiler. This water 
being more dense than ammoniacal liquor settles to the bottom of the boiler, 
from which it is discharged to the absorber through a throttle valve (2). 



Fig. 161 . 


A small pump returns the ammonia from the absorber to the boiler via a heat 
interchanger which preheats the strong solution returning to the boiler and cools 
the dilute solution prior to delivery into the absorber. In this way the preheater 
conserves heat and accelerates absorption, since the lower the temperature the 
more rapid the absorption. 

Efficiency of an absorption refrigerator. 

As with other forms of refrigerators the efficiency is obviously the heat extracted 
divided by the heat supplied. 

Now the heat supplied is that required to separate 1 lb. of NH 8 from solution' 
in water and change its state from liquid to vapour. This heat depends upon the 
concentration of the aqueous solution, and the temperature of evaporation, mid 
is always in excess of the latent heat of NH 3 at the prevailing temperature, by 
the heat of absorption A . In addition heat must be supplied to operate the am-, 
monia and water circulating pumps. 
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If the dryness fraction of the evaporated ammonia is x 3 , and the latent heat L 3 , 
and the sensible heat in the liquid passed through the throttle ( 1 ) is h 2 (measured 
relative to the lowest temperature T 3 ), then the net refrigerating effect is (x 3 L 3 - h 3 ), 
whence 

cop -.zhcA* 

Heat of vaporisation at condition ( 1 ) = (L 2 + A 2 ) 

+ Work done in pumping 


In the limiting case, when T 3 = T 2 , the c.o.p. has the maximum value ~ f — , 

; L 2 + A 3 

since, theoretically, there will be no pressure difference across the throttle, and 

therefore no power required for pumping, except the circulating water, and h 2 , 

measured relative to T 2 , will be zero. It will be seen from this expression that the 

C.O.P. of this type of absorption machine* must be less than unity. 

ft 

Ideal efficiency of self-contained refrigerators. 


Whether refrigerators are of the absorption type or vapour compression 
machines driven directly by steam or internal combustion engines, three tem- 
peratures are involved. 

Heat is supplied at a high thermal potential T x to vaporise ammonia or drive 
the prime mover. 

There is the natural sink at temperature T 2 to which both the refrigerator and 
prime mover reject heat. In steam plant the steam and ammonia condensers 
may be considered a single unit receiving cooling water at temperature 
Finally heat is extracted in the evaporator at temperature T 3 . 

It has been shown on p. 68 that no forward heat engine can have a thermal 
T —T 

efficiency greater than — and that for a temperature range T 2 to T z no 

J - 1 


» T 

refrigerator can have a c.o.p. greater than (see p. 289). 

-* 2 ~ -*3 


For the reversed engine 

For the forward engine 
Multiplying (1) by (2), 


T 3 Heat extracted 
T 2 — T 3 ~ Work done 

T x — T 2 _ Work done 
T x ~~ Heat supplied' 


( 1 ) 

( 2 ) 


C.O.P. 


Heat extracted j T a / T x — T 2 \ _T 3 l T x — TA 

Heat supplied ~ (T 2 -T 3 )\ T x ] T x \T 2 -TJ 


No other method of applying heat to produce cold can give a higher ratio than 
this, since both forward and reversed engines realise the highest individual 
efficiencies possible. For an ideal absorption machine (3) may be regarded as 
the ideal o.ojp. 
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In Fig. 162, (1) shows, on T<f> co-ordinates, the ideal cycle for the 'forward 
engine, and (2) that of the reversed engine. For comparing the heat quantities 
involved in both engines it is convenient, though not strictly correct, to plot 
diagrams (1) and (2) on a common base as in (3). 



In the absence of friction the hatched areas are equal, the dotted area represents 
the net refrigerating effect, and the diagonaled areas the heat rejected, at tem- 
perature T a , to a natural sink. 
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EXAMPLES 

1. Bell -Coleman refrigerator. (B.Sc. 1924.) 

In a Bell- Coleman refrigerating plant air is drawn into the cylinder at atmospheric 

pressure of 15 lb. per sq. in. and temperature —5° C. It is compressed adiabatically to 
75 lb. per sq. in., at which pressure it is cooled to 15°C. It is then expanded in an 
expansion cylinder to atmospheric pressure, and discharged into the refrigerating 
chamber. 

If the law of expansion is pv 1 ' 2 = c, find the work done on the air per pound and the 
coefficient of performance of the plant. Specific heat of air at constant pressure = 0*238. 

Ans. 13,300 ft.-lb.; 1-18. 

2. Bell-Coleman refrigerator. j (B.Sc. 1935.) 

In an open type of refrigerating installation, 2000 lb. of atmospheric air are circulated 

per hour. The air is drawn from the cold chamber at temperature 7° C. and at 15 lb. per 
sq. in. pressure, and then compressed adiabatically to 75 lb. per sq. in. It is cooled at 
this pressure to 27° C. and then led to an Expansion cylinder, where it expands adia- 
batically down to atmospheric pressure and is then discharged to the cold chamber. 
Find in c.h.u. per hour: 

(a) the heat extracted from the cold chamber; 

(b) the heat rejected to the cooling water; 

and obtain the coefficient of performance. 

For air, C v = 0*238 and C\ — 017. 

Ans. (a) 43,200 c.h.u, per hr.; (b) 68,520 c.h.u. per hr.; 1*708. 

3. Open -cycle cold air refrigerator. 

A cold air refrigerator works on the “open cycle”, the return air from the cold store, 
just prior to compression, being at 7° C. and 15 lb. per sq. in. It is compressed adia- 
batically to 75 lb. per sq. in. absolute, and is then passed through an aftercooler which 
reduces its temperature, at constant pressure, to 17° C. The air is then expanded 
adiabatically to 15 lb. per sq. in. absolute and returned to the cold chamber. Find the 
c.o.p. of the ideal machine. 

If, in the actual plant, 73,000 cu. ft. of air per hour enter the cold chamber at -70° C. 
and 15 lb. per sq. in., and leave at -5°0., and 185 h.p. is absorbed in driving the 
refrigerator, find the actual c.o.p. and the heat rejected to the cooling water per minute. 
C v = 0*24. Ans. 1*71 ; 0*495; 4980 c.h.u. 

4. T<f> chart for C0 2 and NH 3 unit of refrigeration. (Whitworth 1924.) 

Explain by means of a T<j) chart how the thermodynamic efficiency of a vapour 

refrigerator is measured. 

What is meant by the term “Unit refrigeration”? Discuss the relative advantages 
and disadvantages of ammonia and carbon dioxide as working fluids. 

5. Vapour compression plant. State of working fluid during cycle. (B. Sc. 1930.) 

Make a diagrammatic sketch of a vapour compression refrigerating plant. 

A C0 2 refrigerating plant works between pressure limits 800 and 400 lb. per sq. in. 
The C0 2 is just dry when leaving the compressor and condensation in the condenser is 
complete, but there is no undercooling. 
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Indicate clearly in your sketch the state of the working agent and the total energy 
per lb. before and after passing through each of the organs of the plant, and find the 
ideal coefficient of performance. 

Use the following data: 


Pressure 

Temperature 

Total energy 

Entropy 

lb. per 
sq. in. 

°C. 

absolute 

Liquid 

Vapour 

Liquid 

Vapour 

800 

291-5 

12*6 

51*2 

0*040 

0*173 

400 

264-8 

-2*7 

55*8 

— 0*013 

0*207 


Ana. Coefficient of performance, 7*4. 


6. Wet and dry compression CO B . (B.Sc. 1922.) 

Distinguish between wet and dry compression in a vapour compression refrigerating 
plant. 

In a C0 2 refrigerator the pressure range is from 750 to 350 lb. per sq. in., and the 
reduction of pressure is obtained by a throttle valve. The temperature of the fluid as 
it leaves the compressor cylinder is 28° C. Find the theoretical coefficient of performance 
of the machine. 


Pressure 

Tem- 

perature 

°C. 

Total heats 

Entropy 

lb. sq. in. 

Liquid 

Vapour 

of liquid 

750 

15*9 

11*15 

52-92 

0*035 

350 

-13-5 

-6-98 

57*29 

-0*025 


Specific heat at 750 lb. per sq. in. = 0*485. 


Ana. 6*2. 


7. Bell-Coleman and vapour compression. 


(Whitworth 1922.) 


Obtain an expression for the efficiency of the Bell-Coleman cycle. 

Why is the practical performance of this cycle so inefficient compared with vapour 
compression? 

A C0 2 vapour-compression refrigerator works between temperature limits of 15° 
and — 5°C. The corresponding values of latent and liquid heats are 42*9, 58*6, 10*4 
and — 1*8 respectively. Find the theoretical coefficient of performance. 


Assume that boundary curves of T<f> diagram are straight. 


Ana. 




11-3. 


8. What is the usual method for correcting for the heat returned via the throttle valve 
of a refrigerator and why in practice is this correction too small? 


9. Production of ice. (B.Sc. 1920.) 

Wr Show, by means of a diagram, the necessary apparatus for refrigeration by a vapour- 
compression process for a small plant. 

Obtain the theoretical coefficient of performance for a C0 2 machine working between 
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pressure limits of 930 and 440 lb. per sq. in. The C0 2 during the suction stroke has a 
dryness fraction of 0-6. 


T 

Tem- 

perature 

Pressure 
lb. per 
sq. in. 

Liquid 

Latent 

Entropy 


°C. 

heat 

heat 

of liquid 

298 

25 

930 

19-4 

29*0 

0*06 

268 

-5 

440 

-1-8 

58-6 

-0-01 


How many tons of ice would a machine -working between the above limits make if 
the relative coefficient of performance is 40 %, and the duration is 24 hours? The water 
for ice is supplied at 10° C., and the compressor takes 15 lb. of C0 2 per min. Latent heat 

of ice = 80c.h.u. f Ana. 3-20; 0-598 ton. 

K 

10. Horse-power to produce ice. I (Whitworth 1923.) 

A C0 2 refrigerator works between pressure ranges of 826 and 334 lb. per sq. in. The 
drop is obtained by means of a regulating valve. Temperature of C0 3 leaving com- 
pressor = 30° C. Determine the theoretical coefficient of performance. 

Find the h.p. required by the compressor, if the relative performance is 0*4, for the 
machine to deliver a ton of ice in 2 hr. 

Assume 95 o.h.u. have to be extracted to freeze each pound of water. 


Pressure 


Total 


Entropy 

lb. per 
sq. in. 

t° C. 

Liquid 

Vapour 

Liquid 

Vapour 

1038 

30 

27-3 

42*3 

0*087 

0*135 

826 

20 

14*4 

51*3 

0*045 

0*17 

334 

-15 

-6-7 

57-3 

-0-028 

0-22 


Ans. 4-51 ; 41*7 h.p. 

11. Test on C0 8 refrigerator. (B.Sc. 1939.) 

The following observations refer to a test of a small C0 2 refrigerator: b.h.p. to drive 
compressor 4-25; friction and pumping losses in compressor 2*4 h.p.; brine circulation 
9*35 lb. per min.; rise in brine temperature in passing through cold chamber 13*5° C.; 
specific heat 0*80; cooling water circulation 14*4 lb. per min.; temperature rise 10*7° C. 

Make out a heat balance for the trial. Show, by reference to a sketch of the total 
heat-entropy chart, how you would determine the relative coefficient of performance, 
and indicate what additional observations would be necessary for this purpose. 

12. Refrigerator trial. Relative performance. 

In a trial of a refrigerator, the h.p. impressed on the C0 2 by the compressor 
piston = 0*6, the circulating brine lost = 70 o.h.u. per min., and the cooling water took 
away 140 o.h.u. from the condenser coils per minute. What was the actual coefficient 
of performance? 

If the upper and lower temperatures of vaporisation of the CO a are 16*65° and 0° C., 
the corresponding latent heats are 40*9 and 55*5 o.h.u., and the difference between the 
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liquid energy 8*9 c.H.u. per lb. Find the relative coefficient of performance, assuming 
that the perfect vapour compression has the working fluid just dry and saturated at 
the end of compression. Ans . 4*95; 34*3 %. 

13. Test on ammonia machine. (B.Sc. 1936.) 

A test on an ammonia compression refrigerator, having a single cylinder, single- 
acting compressor, 3| in. diameter, 4 in. stroke, and running at 210 r.p.m., gave the 
following results: 

Pressure limits 150 and 45 lb. per sq. in.; temperatures of ammonia entering and 
leaving condenser 55 and 20° C. ; temperatures of cooling water entering and leaving 
condenser 13*5 and 21 *5° C. ; rate of flow of cooling water 13*7 lb. per min. ; mean effective 
pressure in compressor (from indicator diagrams) 45 lb. per sq. in.; ice produced per 
hour, 65 lb. at 0° C. from water at 15° C. 

For ammonia: 


Pressuro 

Saturated 

Total heat 

Specific heat 

lb. per 

tempo rati ire j 

Liquid 

Vapour 


Dry 

sq. in. 

1 

°C. 

C.H.u. per lb. 

c.H.u. per lb. 

Liquid 

vapour 

150 

25-8 

28*8 

309*3 

M 

0*67 

45 

-8-1 

-8*5 

301*7 

— 




The latent heat of ice is 80 c.H.u. per lb. Find 

(а) the mass flow of ammonia per minute; 

(б) the coefficient of performance; 

(c) the condition of the ammonia entering the compressor, neglecting heat flow 
through pipe surfaces. Ans. (a) 0*358; (b) 4*02; (c) 0*825. 

(London B.Sc. 1921.) 

14. H<f> chart. Mass circulation of refrigerant. Cylinder dimensions. 

An ammonia refrigerating plant is to effect a refrigeration of 20 lb. calories per sec., 
and the working limits are shown on the heat entropy chart. The net heat from the cold 
chamber is only 85 % of the possible amount shown on the chart, Fig. 163, and the 
mechanical efficiency of the compressor is 65 %. Determine the horse-power required 
to drive the compressor and the amount of fluid circulation required for the stated 
performance. 

If the specific volume of saturated ammonia vapour at 40 lb. per sq. in. is 7 cu. ft. 
per lb., determine a suitable size of compressor at 80 r.p.m. single acting with a piston 
speed not exceeding 150 ft. per minute. 

A?is. Circulation, 35*7 cu. ft, per min.; h.f., 13*16; Bore, 9*34 in.; Stroke, 11 Jin. 

15. Mass flow. Circulating water power. Refrigerators. (London B.Sc. 1933.) 

An ammonia vapour-compression refrigerator works on the cycle shown by ABODE F 
(Fig. 164), which gives the relevant information from a total energy entropy (H<f>) 
chart (not to scale) with oblique co-ordinates. 

In continuous working it produces 400 lb. of ice per hour at 0°C., the initial tem- 
perature of the water being 15° C. The overall mechanical and electrical efficiency of 
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the machine and its motor is 80 %. The latent heat of ice = 80 c.h.tt. Find 
(a) the mass flow of NH 3 in lb. per hour; 

(ft) the circulating water in gallons per hour, assuming a rise of temperature of 10° C. 
in the water in the condenser; 

(c) the power in kilowatts taken by the motor. 

Ans. (a) 153-2 lb. per hr.; (ft) 487 gal. per hr.; (c) 7*07 kW. 



Fig. 163. Fig. 164. 


16. The indicator diagrams shown in Fig. 165 were obtained from a double-acting 
ammonia compressor 18 in. bore by 36 in. stroke; piston rod diameter 3 in.; speed 
50 r.p.m. Determine the i.h.p. of the compressor, and the c.o.p., if the rated capacity 
of the machine is 66. Ans. h.p., 106; o.o.p., 3*5. 



Fig. 165. 


17. Multiple expansion with compound compression. 

Describe the cycle of operations in a compound C0 2 refrigerating plant operating 
with two throttles. 

Illustrate your answer by sketching the pv, T<f> and H<p diagrams for this cycle. 
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18. Mass circulation and horse -power of a compound refrigerator. 

In Fig. 166 is shown the cycle of a compound C0 2 refrigerator. If the actual work done 
is 26 % greater than the theoretical work and the heat abstracted 25 % less than the 
theoretical, determine the mass circulation through the condenser in lb. per min. and 
the horse-power required to produce 20 tons of ice per day of 24 hr. from water at 16° C. 
Latent heat of ice = 80 c.h.tj. per lb. Ans. 154 lb. ; 81 H.P. 



19. Coefficient of performance of absorption machine. 

In a test of an absorption refrigerator it was found that 15 tons of ice at 32° F. were 
made from water at 62° F. per ton of coal having an average calorific value of 12,000 
b.t.tj. per lb. Find the actual c.o.p. if the latent heat of ice is 140 b.t.u. per lb. 

Ans . 0*212. 


20. Compression and absorption machines. (B.Sc. 1933.) 

Describe, with the aid of sketches showing the ideal T<j> diagrams, the cycles of 
operation of 

(a) vapour compression machines; 

( b ) vapour absorption refrigerators. 

Obtain an expression for the ideal coefficient of a vapour-absorption refrigerator in 
terms of T v the temperature at which the working substance receives heat, T 2 , the 
temperature of the cold body and T c , the temperature of the circulating water. 

What is the value of this coefficient when 


h 


197° C., t 2 = — 3°C. and t € 


17 >C.? 
Ans . 


TJT j-T.\ 

tAt-tJ' 


516. 


21. Domestic refrigerator. (B.So. (Ext.) 1934.) 

Sketch the layout of au ammonia absorption machine, and describe the principle 
on which it works. Show how an inert gas is used in modem machines to produce the 
required pressure drop in the ammonia. 



CHAPTER XI 


THE FLOW OF FLUIDS 

The flow of fluids may be divided into three types : 

(1) Stream line flow. In this typo of flow, which is not often met with in 
practice, the velocity of flow is so small* or the boundaries so close together, that 
the flow is ordered. Contiguous layers of fluid flow parallel to each other, and the 
ordered nature of the flow facilitates n|athematical analysis. 

With pipe flow, friction losses are proportional to the velocity. Reynolds’ 
number, 1 ? which is VDj'f , is the criterion for determining the type of flow, where 
V = velocity, D the diameter of the p|? e , f = Viscosity /Density in consistent 
• units. When this number has a value exceeding 2000 the flow is usually turbulent. 

(2) Turbulent flow. This type of flow occurs at moderate velocities, and is 
named turbulent, because of the erratic behaviour of the thin streams into which 
the main body of the fluid may be imagined divided. 

Instead of ordered stream lines, the flow is chaotic, and the mathematical 
nature of the motion is not yet known. 

• With this flow friction loss varies approximately as the square of the velocity. 

(3) High velocity flow. In this type of flow the velocity may approaoh, and 
even exceed, the velocity of sound in the medium, and its study is of principal 
interest to those engaged in designing turbines, ejectors, etc. 

It should be observed that when a body moves through a medium at a speed 
greater than that of sound in the medium, the motion of the medium over the 
body is streamlined; because no bow wave can be propagated to give turbulence. 

Bernoulli’s equation. 

In 1738 D. Bernoulli, one of a family of eight distinguished philosophers, 
enunciated his theory that the total energy of a moving fluid remained constant. 

The total energy per lb. of fluid is made up of 

;j | (1 ) The pressure energy or pressure head (pip). This represents the work 

which would be done, in a non-expansive engine, by introducing one pound of 
fluid, of density p, at pressure p lb. per sq. ft. 

Pressure energy .= pip ft.-lb. (see p. 47). 

(2) The kinetic energy or velocity head (F 2 /2^) ft.-lb. Energy to the extent 
of V*l2g is stored in one pound of fluid by virtue of its velocity V. 

(3) Potential energy (z ft.-lb.). If one pound of fluid were allowed to fall 
through a distance of * ft., work, to the extent of z ft.-lb., would be done. If the 

• For the effect of Reynolds’ number in connection with nozzles and blades see 
Engineering, vol. cxxv, p. 80 (1928). 
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motion of the body were unrestricted during its fall, then, by the conservation 
of energy, the final velocity of the body would be V = -v/2 gz. 

(4) Internal energy. This is the energy possessed by the molecules, and 
has been defined on p. 16. 

The total energy of the fluid is therefore given by 

V V 2 

- + x-+z + i.e. = constant. (1) 

p 2g v ' 

This is known as Bernoulli’s equation. 

To form a still more comprehensive equation, which will satisfy the con- 
ception of the calculus where all the variables are considered to increase, let the 
pipe, shown in Fig. 167, slope upward. Suppose that in moving from section (1) 



to section (2) the fluid is given H ft. -lb. of caloric energy, together with W ft.-lb. 
of mechanical energy, so that the total energy arriving at section (2) is 

Pi ttt rr 

y+~+z x + i.^. 1 +W+H. .( 2 ) 

On leaving section (2) this total energy must be contained in the forms detailed 
in equation (1), whence 



Z! 

2g 


+ Zj + i.e.j + W + H = ?! + Z? + Z2 + i.b 
Pi z 9 


which is the generalised form of (1). 


(3) 
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Ex. A fan imparts a velocity of 120 f.p.s. to air at h.t.p. By what will the pressure be 
increased if the pipe is enlarged, so that the velocity is 60 f.p.s.? The pipe is horizontal. 
Considering incompressible flow from section (1) of small area to section (2) 

P 2g p^2g’ 

ViZll = — [120 a — 60 2 ] ft. head of air. 

Now since 12*39 cu. ft. of air atx.T.P. weig^i 1 lb., then a column of air 1 sq. ft. in area 
and 12*39 ft. high would produce 1 lb. per sq^ ft., whereas with water a head of 1 /G2-3 ft. 
will produce the same pressure. 

Difference of pressures in inches of water 

- 6H ' 12 °* - 50 ’! >< 12^ >< SfS 12 - 2 87 in ' 

i 

Owing to eddies and surface friction this Increase in pressure would not be realised 
in practice. 


Adiabatic expansion of a fluid. 

If the fluid is allowed to expand adiabatically through an orifice from pressure 
to pressure ^ 2 , then, from the definition of an adiabatic operation, no heat is 
added in any form; therefore (W + H) = 0. 

Further, if the discharge from the orifice is horizontal, or (z 2 — z 1 ) is small 
compared with the other quantities in equation (3), then 


Pi V\ Vi 

— + 0 1 + i.b. 1 = — + o 
Pi 2 9 p2 2 9 



(4) 


Now + i.E.ij is the total heat of the fluid (see p. 128), and the difference in 
total heats during isentropic expansion is the work done on the Rankine cycle, 


Alternatively, for a perfect gas, y replaces n, * 

P\ v l = PiVl or (5) 

and (i.E.j-i.E.g) = JC v (Ti~ T 2)- ( 6 ) 

But JC v = ~-~ and 2 = RT. (7) 

y— i p 


* Imperfections in a fluid or variation in specific heat prevent the expansion being 
represented by pv n = c. See p. 814. s 


21 
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By (7) in (0), 

(i-B-i - i-e. 2 ) = ~ ~ (T x - T 2 ) 



By (8) in (4), 

Vj-V l = Pi P i} 1 (Pi Pt) 

ty Pi Pi 7- 1 \Pi pJ 

f ri' 
r 

W . 


.( 8 ) 


( 9 ) 


which is the work done on the Rankine cycle. 

If the fluid is not accumulating between sections (1) and (2), then, for con- 
tinuity of flow, the mass passing section (1) must be equal to that passing section 
(2), i.e. 

A iV\Pi = A iViPi, ( 10 ) 

which is the Equation of continuity. 

•'• F »"3l2 Fr (11) 

By (5) in (11), F 1 = ^(g) r F 2 . (12) 

By (12) in (9), 




Let ^ be the pressure ratio p 2 /p v and r the area ratio AJA lt then (13) becomes 





y-i - 
1 —St y 


(14) 


The mass flow through an orifice. 

By equation (10) the mass flowing through section (2) is given by A^jj# 
where A % is the area perpendicular to velocity V t . „ • 
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Substituting the value of V 2 in this equation, 
Mass discharged per second 
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: W = A 2 p 2 


Ltl. 

)pj 

r-ii 

\-(% y 

\y-i 

I Pi 

2 

.l-r 2 &y. 


•(15)" 


Taking pj under the radical, and expressing the ratio of the densities in terras 
of pressure from equation (5), we have I 


w 


= G d A *j 2 y{yJ\)PlPlW 


r-11 
\-'M y 


1- 


.(16) 


The coefficient C d allows for friction an4 non-parallel flow. 

In practice pressure diflerences are more easily measured (and with greater 
precision) than are absolute pressures, ab with this object in view, and to render 
the effect of the pressure ratio in (16): subordinate to the pressure difference 
Pi—p 2 , write as 


By (17) in (16), 




.(17) 


w = C*A 


r-ix 

y 


'd^ 2 


1 2gp l (p 1 —p 2 ) — j-j P£v ^ 
2 

1 - r\#y 


.(18) 


For incompressible flow the internal energy would be zero, since the molecules 
would be in contact and p x would be equal to p 2 , hence Bernoulli’s equation 
becomes 

Pl+Yl = P* . B 

P %<J P 2g’ 

Y _ l 2 q(pj-Pi) 

2 p( 1 — r 2 ) ’ 


w = C d A. 


2 9Pi(PiZlh) 

(1 -r*)~ ' 


.(19) 


Comparing (18) and (19), it will be seen that the two become identical if the 
right-hand side of (19) is multiplied by 



C 


* Equation (16) was first deduced by St Venant.and Wantzel (Comp tea Bendue, 1839) 
1 from Poiason’s equation. 
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C is known as the Compressibility factor, and with r<\, 3t> 0-96 and 
y — 1-4, <7 > 0-96 for this particular range. 

It will be seen that, by treating the flow as incompressible, the discharge can 
be readily computed from equation (19), and in view of the rather difficult 
arithmetic involved in the calculation of the value of C, this estimated discharge 
may approach as closely to the actual discharge as does the corrected value, which 
is so liable to arithmetical errors. 


♦Values of C. 

The air supply to an internal combustion engine may be very conveniently 
measured by an orifice tank, which, to damp out pulsations, should have a volume 
about 500 times the swept volume of one cylinder of the engine. Since the flow 
into tho tank is from the atmosphere, the area A y may be regarded as infinity, 
and therefore r = 0, whence with 3t = 0-95, C = 0-978. 

Taking & = 0-9, C = 0-951. 

Taking.^ = 0-65, C = 0-799. 

Taking 8t = 0-65 and r = G — 0-7442. 


Ex. On the compression of air. 

Air at n.t.f. is flowing through a pipe with a velocity of 2500 f.p.s., but owing to a 
gradual increase in tho diameter of the pipe, the velocity is reduced to 800 f.p.s. Find the 
increase in pressure and temperature. 


From equation (9), p. 322, 

VI- VI = _7 Pi 1 lPi\V ] 

2 9 7-1 Pi [ W J' 


Also 



and pv = RT. 


( 1 ) 

(2) 


800 8 — 2500 2 
2 ? 


14 

0-4 


x 96 x 273 



87,100 T 2 
+ 91,806 _ 273* 


T 2 = 1-949 x 273 = 532° C. absolute 
273 


Temperature rise = 259° C. 


T 

_ 2 — 

273 




p 2 = 1 *949 s * 5 x 14*7 = 151*3 lb. per sq. in. 

14-7 

Pressure rise = 136-6 lb. per sq. in. 


* ** The measurement of the flow of gases and liquids by means of orifices, nozzles, and Ven- 
turi tubes,” by J. L. Hodgson, B.Sc., A.M.I.C.E., paper no. 599, World Engineering Congress, 
Tokyo, 1929. “The measurement of air flow”, R. G. King, Engineering , April 1923 etseq. 
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The plate orifice for estimating fluid flow. 

The plate orifice is the cheapest and most convenient method of measuring 
the flow of fluids when there is no objection to slightly obstructing the flow, and 
absolute accuracy is not essential. 

Fig. 168 shows a suitable orifice for which C d — 0-61, if < 0-85 and — > 0-98. 

° pi 

For other pressure ranges C d — |o*914 — 0*306^ 2 j .* 



Fig. 168. Plate orifice. 


The coefficient of discharge is very susceptible to change in the shape of the 
orifice. Even scraping ofi' the sharp leading edge may increase the flow by 2 %. 

For a sharp-edged orifice, supplied directly from the atmosphere, under a 
pressure difference of about 2 in. of water, C (l — 0-6 (see also p. 658). 

Ex. Flow through an orifice. 

Determine approximately the weight of air in lb. per sec. that will flow from the 
atmosphere through a 3 in. diameter orifice having a coeflicient of discharge of 0-6 if the 
barometer is at 28 in., the air temperature is 20° C., and the pressure difference across 
the orifice is H in. of mercury. 

Note the density of air at 30 in. barometer and 0° C. = 0-0808 lb. per cu. ft. By what 
factor should the approximate value be multiplied in order to render it more exact . 

For incompressible flow 

w = C d A t J (see equation (19)). 


* Proc. I ,Mech.E, p. 167, 1912. 
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Since the flow is from the atmosphere r = 0, 

07*1 

Px = X^x 0 0808 ^ 0 0703, 
= F gq. ft., c d = 0-6. 


w = 0 6 x^/w* x 0 0703 x ~ x 14-7 x 144= 0-645 lb. per sec. 
To allow for compressibility, 



C = 



/ rzl 

li-3i y 
\ 


In evaluating C great care is required, since we are dealing with small differences. 


2 

y 


1-421, 


y-i 

y 


= 0-2898 = 


1 

3-440’ 


1-421 x 1-9760 = -1-421 

y 

+ 1-387 

-0-034 

T-966 

2 

.*. 3t^ = 0-9247. 

y — 1 

— ^ — log 3i = 0-2898x1-9760 = -0-2898 

+ 0-2828 


V zl 

31 y =0-984. 


-0-0070 

T-9930 


y-l 

1-31 y =0-016. 


••• o-f 


3-449 x 0-016 x 0-9247 
0-0535 


= 0 978 . 


0-0535 
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l'he maximum discharge through an orifice. 

An examination of equation (16), p. 323, shows that, for an orifice of given area 
A and supplied with a definite fluid at an initial state p lt p^, the discharge w 
depends upon the value of r and 3%. If we assume that the area of the approach 
channel is so large that the Velocity of approach \\ is negligible compared 

2 y— 1 

with V z , then r = 0 and w then depends on f ). When this quantity 

is a maximum w will also be a maximuni. 

To determine the value of 31 which will give this maximum, let 


2 y+1 

y = 9P-9tf , 


This value is zero for a maximum 



dtJi t y y 

. \ 

discharge, whence 

1 Jtz+nj. 


Sf = 


2 \y- 1 = p 2 

,7+1/ Pi 


( 1 ) 


This is known as the Critical pressure ratio. 

It should be observed that 31 is insensitive to changes in the value of y, since 
on logarithmic differentiation of (1) with respect to y, we have 


dy 



1 

+ (y— i) 1 



when y = 1*3, 3i = 0-546. 


dM 

dy 



1 

0-09 



01 813. 


0*1813 x 0*1 

Hence a 10 % change in y produces only a — - --- — x 100 = 3*33 % change 

w * 0*04O 


in St. 


r 

Taking r = 0 and substituting Si = j 7 1 * n e< 3 ua ti° n (16), p. 323, we have 


w n 




O^y+i ) 7 T 1 (y+i)] f 
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Taking y = 1*4, A 2 as the throat area in sq. ft., p x the initial pressure in lb. per 
sq. ft. and p 1 = l/v l3 where v 1 is the specific volume in cu. ft. per lb. 




w m&x. == 3*89Ca-4 a ^ 

J~^ lb. per sec. 

{2) 

With 

r = i-3. 

ax. “ 3*8 Ca A 2 

[pi 

V 

(3) 

With 

y = 1135, 

w max. = 3*6(7 rf ^4 2 ^ 

Ip± 

v t ” 

W 


To show the effect of variation of the initial pressure/^ on the maximum 
discharge from a nozzle. 

In equations (2), (3) and (4) the ratio /— may be written / — ~ . 

** v i ** Pl V l \PiVx 

Now for a gas p t v x = RT V so for a constant value of T x the maximum dis- 
charge is directly proportional to the initial pressure; so long as the back pressure 
<(2/y+i)yiy~ 1 p. 

For steam which is dry and saturated the product p 1 v 1 varies but little with 
the pressure p lf so again the maximum discharge will be proportional to the 
initial pressure. For superheated steam pv = 1*253(// — 835), and if H remains 
constant, as in throttling, pv is also constant. 

Napier expressed this result in the form w raax . = ~~lb. per sec., 


which is Napier’s law*, where a is the contracted area of the orifice in sq. in. 
and p x is the initial pressure in lb. per sq. in. 


Ex. Paint sprayer. 

Determine the smallest volume of an air receiver which, when charged with air to 
100 lb. per sq. in. absolute and at a constant temperature of 80° F., will work a paint 
sprayer continuously for 10 min., if the sprayer valve maintains a pressure difference 
over the air nozzle of 35 lb. per sq. in. 

Bore of nozzle = 0*04 in.; coefficient of discharge = 0*95; specific volume of air at 
n.t.p. = 12*39 cu. ft. per lb,; y = 1*408. 

The maximum discharge from an air nozzle is w = 3'&9C d A 2 y/p/v f where p t is in 
lb, per sq. ft. If the expansion in the receiver is isothermal, then pv = RT = C, whence 

v = and w = 3%9C d A 2 ~L=z. 

Discharge per sq. ft. of nozzle area 


3*89 x 50 x 14 4 
V5^2>T546 “ 


= 165*0 lb. per seo. 


* R. Napier made experiments on the discharge of steam from orifices in 1866-7. 
Rankine deduced the equation from Napier’s observations. 
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The flow through a 0*04 in. diameter hole in 10 min. 

_ 165 x 7T x 16 x 0*95 x 10 x 60 
“ 144 x 4 x 1002 “ 


Taking atmospheric pressure as 1 5 lb. per sq. in. the terminal pressure in the receiver 
will be 50 lb. per sq. in. absolute if a pressure difference of 35 lb. per sq. in. is to be 
maintained. 

If v is the volume of the receiver, then the weight of air remaining in the receiver is 


50 x 144 x v 
~53 2x 540 


= 0-2505*;. 


Initial weight = (0*82 + 0*2505*;). ? 

But pv=ioRT. 

100 x 144*; = (0*82*1- 0-2505*;) 53*2 x 540; 
whence v = 3*274 cu. ft., 

i.e. a receiver 1 ft. diameter and 4*2 ft. long would be suitable. 


Ex. Leakage from a compressed air system. 

With all valves shut in a compressed air system having a volume of 176 cu. ft. tho 
pressure in one hour fell from 100 to 28 lb. per sq. in. absolute. Determine the diameter 
of a hole having a coefficient of discharge of 0*625 which would give the same rate of 
leakage as the combined leaks of the system. 

1 lb. of air at 14*7 lb. per sq. in. and 32° F. displaces 12*39 cu. ft.; y = 1*4 and the mean 
temperature in the system = 80° F. 

For the receiver, 

pv — wRT, p=± 14*7x144, *;=12*3, T — 492. 

D 14*7x 144x12*39 or 
•• R = 492 = 53 ‘ 35 ‘ 


Initial weight of air in receiver = 


100xl44xJ76 
' 540 x 53-35 


88 lb. 


, ...... . 28x144x176 „ 

Final weight of air in receiver = = 24-60 

° 640 x 53-3o 


Weight of leakage air 
For air the maximum discharge 

= 3-89C d ^ 2 

(see p. 328). 


= 63-34 lb. 


, /a ib. 

v v l 


per sec. 


pv 

W ~RT' 


-( 1 ) 


But 
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I i the leakage is so slow that the temperature in the receiver of volume v R is constant, 
then v r IRT is a constant; so differentiating with respect to time t, and equating to (1), 


dw __ dp l 
~dt ~~ dt \11T 


-3*89 C d A, 


v *\ sss _ 

UTJ 

d '~~J 


]:■ 


But for isothermal expansion pv = RT, whenco 

dt = 

3-MC d AjRf P ’ 


t = 


d jrL 2 

V R 

3-8 9C~ d A.j2tT 


. — log. 


Pi 


But 




d^2 

p y a= 100 lb. j>er sq. in., 
p 2 = 28 lb. per sq. in., 
t = 3000 sec., 

ir7£>1 100 
17bl0 ^- 2 8 


Pi 

v H = 176, 

T = 540, 
C d = 0025. 


2 3-89 x 0-625 x 3600 x V53-35 x 540 6570 

Had the expansion in the receiver been adiabatic, then 


sq. ft. 


Also 


By (2) in (1), 
Equating (3) and (4), 


y l 

pv? = p l v\, ~ = K ) 7 . 

1 1 \Plf 


jp _ jp 1+w 

"v V p \ ly ’ 

x y-.i 

(2) 

pv H = wRTA — ) y * 

\PiJ 


/ zzl \ x 


-to)* 


dw _ / ftT" 1 dp 

d< ~ \ /y y x d< * 

(3) 

* - s ™ o ‘ A -f pr „- 

( 4 ) 


r -i 
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t - f ft y 2r.r -(V) „ -(V)l 

L^iT 3-8<JC' d ^ J 7-1 L p * " Pl J’ 

t = — . r - ii (—-?>- v 

y ~ 1 LW J W R 7\ x 3-89 C d A J 


But 


dRi\x38QC d t 8370 • 


• • ^2 A J * I 


i 0 4 

moovzs I i 
12 0-4 ~ 8370 28 / J 8300' 

Diameter of hole for an isothermal expansion in the tank 

= 6570 X 12 jj/ w = 5^98 m ‘ 

For an adiabatic expansion in the tank f 

83m Xl2 Jn = T98 m ' 

Values of the critical pressure ratio. 

. For diatomic gases y = 1-4, whence the critical pressure ratio 

*-(r = 

For superheated steam y = 1*3, whence 

For steam initially dry and saturated J = 1*135, whence 

1 135 

^ / 2 \ 11 35 — 1 

- (MISTI) " 0 • 5,7 • 

Physical meaning of the critical pressure. 

y 

On substituting the value 3% = ^ * in equation (14), p. 322, and taking 

r = 0, the velocity at the throat of the nozzle is given by 

WmS* RS ff)- 

(i > 



332 The Flow of Fluids 

By equation (5), p. 321, ± 




l.ii 

Pi Pi ' 

( p?\ y 

\pi) ' 

(2) 


. Pi 

_ Pi (Pi\y : 

= Pi x Pi(Pi\y 

(3) 


Pi 

pi, W 

P2 




. r 


But 


P2_j 2 Yy-i 

v\~ Ir+i/ ’ 

W 

By (4) in (3), 

Pi = Pi 
Pi Pi 

[(^rl 

1 r Ptly+l\ 

Pt\ 2 / 

(5) 

By (5) in (1), 



jPi 




which is the value of the velocity of sound in the medium at pressure p 2 - This 
accounts for the discharge reaching its maximum value, because, if the velocity 
were greater than this, the pressure p 2 could not transmit itself backwards against 
the issuing jet to establish itself at the throat.* 

* Prof. Osborne Reynolds was the first to interpret this relation in 1886 (Phil. Mag . 
March 1886, p. 194). The velocity of sound is the velocity at which an impulse can transmit 
itself through an elastic medium — the gas in this case. In measuring pulsating flows the 
pressure gauge may be steadied by placing an orifice plate in the circuit that will raise 
the pressure on the supply side so that the pressure drop across the orifice exceeds the 
critical value. 
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If this physical limit were not applied to equation (16), curve (1) of Fig. 170 
would represent the condition, the discharge increasing from zero to a maximum 
and then decreasing to zero again, when the specific volume becomes infinite, 
since an infinite volume cannot be passed through a finite area in a finite time. 

In practice it is impossible for the flow to decrease with a decrease in back 
pressure, so the dotted portion is replaced by a horizontal straight line. 



Back. Pressure 
Fig. 170. 


Ex. Air nozzle. 

A convergent nozzle discharging into the atmosphere is fitted to an air receiver to 
measure the output of a compressor. Show from first principles that the maximum 
discharge of air takes place when the atmospheric pressure is equal to or loss than 53 % 
of the initial pressure. 

If a divergent extension is fitted to the existing nozzle, calculate the ratio of exit 
Area to throat area in order that the issuing stream may have the greatest possible 
velocity. 

The initial pressure is 300 lb. per sq. in.; y = 1-408. 


P 2 
Pi 



1-408 

Pi _ l 2 \o-408 _ / ^ \ 3 ' 5 

p x ~ \240sj ~ \l-204/ 


1 

1-894 


= 0-528 or 52-8%. 


p x == 3001b. per sq. in.; p 2 = 300 x 0-53 = 159 lb. per sq. in.; p a = 15 lb. per sq. in. 


w = A 2 V 2 p 2 = A a V 3 p 3 . 

. ^3 _ V2P2 

•' Ai~V 3 p 3 ' 


(1) 





Pi 7 ( 
PiY- 1 ( 


1 



(2) 
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At the throat V a — J 2g • 

Also p i v y 2 =P»i%- 

1 

• !> ^ P2 = /p*\y # 
" v 2 p 3 W 

Whence by (2), (3) and (4) in (1), 



l 



4- s = 2-926. 

A* 


(3) 


(4) 


Ex. Initial temperature and pressure of air. 

It is desired to have air delivered from a nozzle at a velocity of 1800 f.p.s., a pressure 
of 15 lb. per sq. in. absolute and a temperature of 40° P. It is known that the nozzle 
coefficient is 0*98, and the velocity of the air entering the nozzle is too low to be worth 
considering. Find the initial temperature of the air and its pressure. 

Bernoulli’s equation holds whether friction is present or not, but if friction is present 
the internal energy term on the right-hand side of the equation is greater on account of 


energy being converted into heat. 

For this problem the equation becomes 

* , 


a+jc.r.-a+n+jo.p. 

(1) 

Now 

p l v l _p a v a px _ p t T x 

T a ~ T t * 1<e - Pl p 2 T 2 ’ 

(2) >; 

By (2) in (1), 


(3V / 

" 

c ' '< * 
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AtN.TJP.,p = 14-7, v — 12-39 and T = 492. 

ft = 14-7 x 144 x 12-39 x ~ = 26,600, 
p2 4 vJh 

JC V = 131-6. 

Hence equation (3) becomes 
i,600 


/26.60 
[ 600 


' + 131 


•ej T, = 26,600 + + 131 -6 x 600. 


64-4 

184-87\ * 142,800. 


T 1 = 773 
400 


v 

Actual initial temperature = 313° F. 

\S 

The effect of friction may be considered equivalent to reheating the air at constant 

pressure after adiabatic expansion to temperature T 2d , i.e. 

JC p (T a -T u ) = 0-02 x i™- = 1007, 


1007 

131-6 xl -4 


600- T 2A = ; = 5-46. 


.'. 7^=494-5. 


/ 773 \3-5 

The initial pressure = p t = 15 = 71-6 lb. per sq. in. 


The flow of a vapour. 

In the case of a vapour suchas saturated steam, or, for that matter, initially 
superheated steam (if during expansion it changes to the saturated state), the 
exponent y is no longer constant, but is a function of the initial and final states. 

For superheated steam, y — 1-3. 

For dry saturated steam, y — 1-135. 

For steam having an initial dryness x Zeuner gave an approximate value for 
y as 1*035 + a;/10. 

In view of the variation of y throughout the adiabatic expansion of steam, and 
because also of the labour involved in evaluating equations (14) and (16), p. 322, 
it is more convenient to use the equation 



{Bee p. 321), as the adiabatic heat drop (a.h.d.), which is represented by the right- 
hand side of the equation, can be scaled directly from a Mollier diagram. Let this 

* First deduced by Rankinc, 1868. * 
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heat drop be represented by a.h.d. c.h.u., then 


F*— F2 

-2T = J(A - H - D - ) ’ 

where J is Joule's equivalent. 

/. v 2 = \/2gJ(A.H.v.) + V$. ( 1 ) 

If the velocity of approach is zero, then 

F 2 = ^ 300 va.h.d. c.h.u. or 223*8 Va.h.d.b.t.u. 

To obtain the contracted area C d A 2 which will discharge mass w lb. per sec. 
we have, from equation (10), p. 322, 

w wv 9 


W — ^<^ 2^2 * Pz* 


= 


V2P2 


V 2 


In order to obtain the specific volume v 2 we must know the condition of the 
steam after adiabatic expansion. This is given directly by the Mollier diagram 
(see p. 182), and if the dryness fraction is x 2 and the specific volume of dry satur- 
ated steam at pressure p 2 is v s2 , then v 2 = x 2 v s2 . 

Should the steam be superheated after expansion, then, in the absence of 
tabulated values of specific volumes for various degrees of superheat, or if these 
values are not plotted on the H<fi diagram, the volume v 2 is most conveniently 
calculated from Callendar’s equation: 

o.oaqa 

v = ~'p~ (# — 464) — 0*00212 cu. ft. per lb., 

where p is the pressure in lb. per sq. in. and H is the total heat of the steam in 
c.h.u. at the pressure p and the prevailing superheat. 


Vena Contracta 


The profile of a nozzle. 

The mass discharge from a nozzle depends not only upon the cross-sectional 
area provided, but upon the shape of this 
area, and still more upon the shape of the 
axial section or profile of the nozzle. 

Obviously the natural profile of a nozzle 
will depend upon the time required by the 
fluid to acquire a particular velocity F, 
for which the cross-sectional area A is 
given by wv/V above. 

In the limiting case of a fluid issuing 
from a sharp edged orifice (Fig. 171) no 
time is available, when crossing the edge, 
for the fluid to acquire its terminal velocity, 

and therefore the formation of the jet Fig< 171 * Sharp edged orifice, 
must commence on the supply side of the edge and continue beyond it. 



-Natural Propilb 
for a Nozzle 




The Flow of Fluids 337 

If a nozzle were now shaped to this natural contour, calculation would give 
the same results as experiment. Should the nozzle be made shorter than the 
natural shape, then contraction will proceed beyond the nozzle, whilst a longer 
nozzle involves heavier frictional loss. 

So long as the pressure ratio is greater than the critical, the issuing steams of 

all fluids converge, because the rate at which the velocity increases is greater than 
the rate at which the specific volume increases with respect to a drop in pressure. 
Beyond the section at which the critical pressure exists (i.e. the throat of the 
nozzle) the reverse condition obtains; so that from the throat onwards the nozzle 
must diverge if the remaining pressure drop is to be used effectively in producing 
kinetic energy of the jet.* Whilst a boundary will forcibly contract a jet and 
thereby stabilise the flow, yet a jet will not follow a diverging boundary unless the 
angle of divergence, or flare, is <10°. 



Fig. 172. Convergent -divergent nozzle. 


For simplicity and cheapness the converging part of a nozzle is usually formed 
from an arc of a circle, and the diverging part is generated by straight lines. 


The effect of back pressure on the mass discharged from a convergent - 
divergent nozzle. 


From what has been said about the maximum discharge from a nozzle it 
might be inferred that the throat area controls the mass flow, which will not 
reach its maximum value unless the back pressure p 3 is less than the critical 


/ 2 \tt-i 

pressure p 2 . The pressure p 2 is given by p 2 = jpJ ) (P- 327 )* 


> * De Laval was responsible for the introduction of the convergent-divergent nozzle in 
1889. 


WH B 


22 
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Whilst this is true for a purely convergent nozzle and for a convergent divergent 
operating at the design condition, Dr A. Stodola* showed that the back pressure 
p s on a convergent-divergent nozzle could be raised until it was between 0-8 and 
0-9 of the initial pressure p, which was maintained constant, without causing the 
mass flow to diminish. 

The reason for this paradox is that on raising the back pressure the diverging 
cone operates on the Bernoulli principle, and converts some of the kinetic energy, 
developed up to the throat, into pressure energy. The proportion of energy 
converted depends upon the angle of divergence and length of the nozzle; hence 
the variation 0-8 to 0-9. 

Nozzles in which the pressure drop is greater than the critical pressure 
drop. 

For a nozzle of correct design reduction of the back pressure below the critical 
pressure releases an additional adiabatic heat drop (a.h.d .) 2 (Fig. 173); so re- 



Fig. 173. 


garding V 2 now as the velocity of approach, the final velocity of the jet is given by 

F a = V2gfJ(A.H.n.) a +F| (see equation ( 1 ), p. 336). 

A more direot way of obtaining Ig is to regard the complete expansion as taking 
place in a single step, and therefore 


V 9 = V2g/(A.H.D.) 1 + Ff. 

* Steam and Gas Turbines, by A. Stodola, McGraw-Hill, 1927. 
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In general the velocity of approach V 1 is small and so Ff is small in comparison 
with the other term under the radical and may be ignored. 

This, however, is not true in the case of reaction turbine blading. 

Friction in nozzles*. 

The effect of friction is to make the available heat drop less than the a.ii.d., and 
therefore, by equation (1), p. 336, to reduce the velocity also, whilst both entropy 
and specific volume increase. The reduction in velocity and increase in specific 
volume cause the required cross-sectional area to be greater than that for an ideal 
nozzle in which friction is absent. Beyond the throat the combined effects of high 
velocity and a diverging stream cause friction losses to be heavier than those up 
to the throat, but these losses do not affect the mass discharged, they merely 
increase the area required over that required for frictionless flow, and reduce the 
kinetic energy of the jet. i 

If the friction loss depends upon thefsquare of the velocity, it can be easily 
allowed for by multiplying the heat drop! by a factor, since in these circumstances 
the loss will be proportional to the heat drop itself. 

This correction is shown in Fig. 173, where the reheated condition of the 
steam is x' 3 . 

The proper allowance for friction and for defects in the theory must always 
be a matter for experiment, but in general for plate nozzles used in turbines the 
loss up to the throat is about \ to 1 %, and beyond the throat almost 8 %, of the 
total adiabatic heat drop. With supersaturated flow the greatest loss occurs after 
condensation begins and is about 20 % of the remaining heat drop. In straight 
air nozzles the loss is about 10 %. 

Plate nozzles. 

Because the issuing jet from a circular nozzle, in which the outlet is inclined 
to the axis of the jet, is elliptical in cross-section, and therefore will not cover 
completely the blades which pass under it, this type of nozzle is never used in the 
best turbine practice. 



Conical 

Fig. 174. Example of a plate nozzle. 


* If in the equation dQ = dH — vdp/J (see p. 19), dQ is the actual heat added regardless 
m to Whether it is supplied from outside or generated by internal friction, then J vdp/J = a.h.d. 
4H Is the thermal equivalent of the kinetic energy, gained so the efficiency of the nozzle 
=-JdH/vdp. 
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To cover the blades completely the nozzle exit should be of the same shape as 
the entrance to the blades, i.e. approximately rectangular, although the corners 
of the nozzle orifice should be rounded for preference (see Fig. 254). 

To ensure the inlet and outlet edges of the orifices being radial the nickel steel 
partition plates are bent over conical blocks. 

The plates are pitched equally in the mould, after which they are cast in 
position. 

Ex. On plate nozzles. 

A steam turbine is to develop 3000 i.h.p. when supplied with 9 lb. of steam per i.h.p. 
hr. at 200 lb. per sq. in. and superheated by 100° C. 

If the first row of blades has a height of £ in. and the nozzle plates 2 in. pitch and 
0-116 in. thick, and are inclined at 14° to the plane of the wheel, find the number of 
jets required, allowing a suitable radial expansion from nozzle to first blade. Stage 

V 

pressure = 75-5 lb. per sq. in. and velocity coefficient = 0*97 — ^^^, where V = jet 

velocity in f.p.s. 

cu n 3000x9 

Steam now per sec. = - - — — = 7-5 lb. per sec. 

00 x 00 r 

An expansion of J in. is usually allowed from nozzle to blade to compensate for the 
smaller clear area through the blades in consequence of their greater number than the 
number of nozzle plates, and the lower steam velocity. 

Hence Nozzle height = i in. 

.\ Area for flow at exit per jet 

= (2 sin 14° — 0*116) x \ = (0-2419-0*0058) = 0*1839 sq. in. 

Adiabatic heat drop = 54 c.h.u. 

Ideal velocity = 300^54 = 2203 f.p.s. 

Velocity coefficient = 0-97 = 0*9385. 

70,000 

Actual velocity = 0*9385 x 2203 
= 2067 f.p.s. 

Lot H = heat drop utilised, then 

300 y/H 2067 
300 J64 ~ 2203’ 

Whence H - (§g)‘ x 54 = 47-3. 

Setting this off on the Mollier gives a reheated steam temperature of 198° C. at 75*5 lb. 
per sq. in. 

Total heat H = 682*5. 

Whence, by Callendar’s equation, 

2-2436 p^“] + 0-0123 

=£=6*5 cu. ft. per lb. 
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Alternatively, by Callendar’s second equation, 


10 


Whence 


v = 1-0706 x ^-0-4213^®) * +001602 

= 6-69 — 0-1937 + 0-01602=^6-5. 

„ T . , A _ „ Nx 0-1839x2067 

Weight per sec. = 7-5 = r4i - ^ - . 

N = 1843, say 19 nozzles. 





-y 




Fig. 175. 


Design of a steam nozzle. 

The quantities which are usually given are: 

(1) The initial pressure and condition of the steam, Pt»* r i or * ?/ i # 

(2) The stage or back pressure, p 3 (i.e. the pressure in the chamber into which 
the steam is being discharged). 

(3) The mass flow, wlb. sec. 

From these quantities we must first determine whether the nozzle is con- 
vergent or convergent divergent, by seeing if the back pressure is greater than or 
_ n 

less than > where n is the index of expansion. 

If the back pressure is greater than or equal to this, the nozzle is merely con- 
vergent and the exact area is given by 

Mass flow per lb. sec. x Specific volume at the reheated exit 
wv con dition in cub, ft. pe r lb. ^ 

A = y = 300 VA.H.DTx^Nozzle efficiency 
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If the back pressure is less than the critical pressure, the throat area must first 
be calculated for the pressure range p 1 to throat pressure p 2 and then the exit 
area for the range p 1 to p%\ these areas are then connected by curves and straight 
lines, as shown in Fig. 172. 


Ex. Throat and exit diameters, allowing for friction. (B.Sc. 1925.) 

A convergent divergent nozzle is to be designed to discharge 0* 15 lb. of steam per sec. 
into a vessel in which the pressure is 20 lb. per sq. in. abs. when the nozzle is supplied 
with steam at 100 lb. per sq. in. also superheated to 200° C. Find the throat and exit 
diameters of the nozzle on the assumption that the friction loss in the diverging part 
is 10 % of the total heat drop. 

Throat pressure = 0-546 x 100 == 54-6. 

Heat drop to throat = 29 c.h.u. 

The condition at the throat is superheated and H % = 653 o.rr.rr. 

2-2436 

Specific volume v 2 = ^ [653 — 464] — 0-0021 = 7-79 cu. ft. per lb. 

This value may be checked from the H(f> chart. 

, . 0-15x7-79x144 

Throat area A* = sq. m. 

300 v29 

nn AJ . 4 /o- 1 5x 4 x 144 x 7-79 

Throat diameter = / - * = 0-3643 in. 

V 71x1614 


Total a.h.d. from inlet to exit = 70-5 c.h.f. 

Reheated condition at exit = 0-955 dry. 

Specific volume of dry saturated steam at 20 lb. per sq. in, is 20*08 cu. ft. 


/. Exit area 


0-15x 20-08x0 -955 x 144 
300 V705 x 0-9 


Exit diameter = 


/ (H5x4x 144 x 19-17 
V 7T x 2390 


0-47 in. 


Ex. Ratio of throat to exit area, for thermal equilibrium. (B.Sc. 1933.) 


Show that the maximum discharge through a nozzle takes place when the ratio of 
throat pressure to supply pressure 


n 



where n is the expansion index. 

Steam passes through a convergent-divergent nozzle from a pressure of 120 lb. per 
sq. in. to a pressure of 18 lb. per sq. in. The steam is initially dry and saturated and the 
expansion is assumed to be in equilibrium; the loss by friction in the divergent part is 
10 % of the total heat drop. Find, for the complete expansion, the ratio of the area of 
cross-section at the throat to that at the outlet of the nozzle. 



343 


The Flow of Fluids 

Weight discharged per second = A 2 V 2 p 2 for throat. 
Weight discharged per second = A s V 3 p 3 for exit. 
Equating these discharges, 


A s _ V 2 p 2 _ p 2 I Heat drop to throat 
A 2 V 3 p 3 p 3 V Heat drop to exit x 0-9* 


Throat pressure 
Heat drop to throat 
Heat drop to exit 


= 0-577 x 120 = 69-3 lb. per sq. in. 
= 250 c.ir.tr. 

= 77 x 0-9 = 69-3. 


Dryness at exit, allowing for friction, = 0-908; dryness at throat = 0-964. 


.'. Ratio of areas = 


22-|6 x 0-908 
6-i§3 x 0-964 


/ 25 
V 09-3 


205. 


I 

Ex. Nozzle area and effect of velocity of approach. (B.Sc. 1931.) 

The nozzles in the stage of an impulse turbine receive steam at 250 lb. per sq. in. 
and 60° C. superheat and the pressure in the wheel chamber is 150 lb. per sq. in. If 
there are 16 nozzles, find the cross-sectional area at the exit of each nozzle for the total 
discharge to be 620 lb. per min. Assume a nozzle efficiency of 89 %. 

If the steam had a velocity of 360 f.p.s. at entry to the nozzles, by how much would 
the discharge be increased? 


Throat pressure = 0-546 x 250 = 136*2 lb. per sq. in. 


The nozzle is merely convergent as the throat pressure is loss than 150 lb. per sq. in. 
Heat drop = 27 c.h.it. 

Velocity = 300 V27 x 0*89 = 1470 f.p.s. 

Total heat in the reheated state = 683 c.n.u. 


Specific volume v 2 
Volume flowing per sec. 


' = 2-2436^°— 150 ~ -0-002 = 3-275 eu. ft. per lb. 


620 n ax 16 
= - - r x 3*275 = - - x 1470. 

00 144 


a — 0*207 sq. in. 
360 2 1 

Heat equivalent of initial k,e. = = 1*437. 


Final velocity = 300 V 27 x 6*89 -f 1 *437. 

/ 1.437 \ 

Percentage increase in velocity = I / 1 +27x0* 89 ~ * / X 


{k^Wa]* 100 '* 3 ’ 4 ' 


This will also be the percentage increase in discharge, since the specific volume will 
not be affected by the velocity of approach. 
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Ex. Initial pressure for a given discharge velocity. (B.Sc. 1931.) 

A convergent-divergent nozzle is to receive saturated steam and discharge it with a 
velocity of 2600 f.p.s. into a wheel chamber of a turbine where the pressure is maintained 
at 20 lb. per sq. in. Find the pressure of the steam supply to the nozzle box. Assume 
that throat pressure is 0*54 of the initial and that 1 5 % of the total available heat drop 
is wasted in friction in the divergent portion of the nozzle. 

Let H be the total heat drop in o.h.u., then 

2600 = 300 V0 r 85Z7, 



88*4 c.h.u. 


Mark this length off along a paper strip, and keeping the end A on the 20 lb. pressure 
line (Fig. 176), and the edge vertical, move the strip until point B lies on the saturation 
line. 

Read off the pressure: Pressure = 165 lb. per sq. in. 




Ex. Throttling of steam on H<f> diagram and nozzle areas. (B.Sc. 1929.) 

The pressure and the temperature of the steam in the steam pipe supplying the first 
stage of an impulse turbine are 200 lb. per sq. in. and 260° C. respectively. The steam 
then passes through a throttle valve into a nozzle box, where the pressure is 150 lb. per 
sq. in. and there are four convergent-divergent nozzles which together pass 50 lb. of 
steam per min. into the turbine, where the pressure is 13 lb. per sq. in. Assuming 10 % 
energy loss due to friction in the diverging part of the nozzles, find their proper throat 
and discharge areas. Show clearly on the H<j> chart provided the change in condition of 
the steam in passing from steam pipe into the turbine. 

Across the throttle valve we have a fall in pressure without any change in total heat, 
hence the first portion of the pressure drop is represented by the line 1, 2, or an 
adiabatic drop followed by reheating, shown in the heavy lines (Fig. 177). 
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Throat pressure == 

Total heat at throat = 

a.h.d. to throat = 

Total A.H.D. 

Effective heat drop = 

Reheated dryness fraction at exit = 

Specific volume at throat v 2 = 

Specific volume at exit — 

Velocity at throat = 

Velocity at exit = 

w = 

The combined area at throat A 2 = 

The combined exit area A 3 = 

Throat area per jet = 

Discharge area per jet = 

EXAMPLES ON THE FLOW OF GASES 

1 . The air supplied to a gas engine is drawn through a large box. In one side of the box 

is a sharp-edged orifice § in. in diameter. If barometric pressure is 29*8 in., temperature 
22-5° C., and a manometer containing oil of specific gravity 0-9 reads 21*2 in., find the 
weight and volume of air consumed by the engine per min. at the prevailing conditions. 
C d = 0*637. , Ana. 1*77 lb.; 23-9 cu. ft. 

(B,Se.) 

2. In using a Venturi meter for measuring the discharge from a fan the following 
particulars were noted: 

At inlet, pressure = 15*62 lb. per sq. in. 

At throat, pressure = 13*78 lb. per sq. in. 

Inlet area = 1 sq. ft.; throat area = J sq. ft. Temp. 15° C. 

Find the theoretical discharge of air in lb. sec., assuming that pv = 96 I T , pv x * = c. 

Ans. 8*95 lb. per sec. 

(B.Sc.) 

3 . During a test on a small air compressor the air is expanded through a throttle valve 

into a receiver. From the receiver the air is discharged into the atmosphere through a 
sharp-edged orifice f in. diameter. If the volume of air after passing through the orifice 
is 4 cu. ft. per min., its density is then 0*078 lb. per cu . ft. and pressure 14*7 lb. per sq. in. ; 
what will be the difference in pressure in inches of water between the two sides of the 
orifice? Assume a coefficient of discharge of 0-64. Ans. 4*32 in. 


150 x 0*5457 = 81*9 lb. per sq. in. 
676*5. 

32 c.u.u. 

HOC.H.IT. 

110 x 0-9 = 99 c.h.u. 

0*947. 

2* 9 436 

~fj.9" [676*5 -464] + 0*0123 

5*84 cu. ft. per lb. 

0*947 x 30 

28*41 cu. ft. per lb. 

300 v '32 = 1697 f.p.s. 

300 V99 = 2984 f.p.s. 

AxV x p . 

50x5*84x144 „ 

. = 0-4125 sq. in. 
60x1697x1 1 

50 ... 28*41 t ... 

0*1031 sq. in. 

0*2855 sq. in. 
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4. Determine the smallest volume of an air receiver whioh, when charged with air at 

100 lb. per sq. in. absolute and 80° F., will work a forge fire continuously for one hour, 
if, by means of a pressure reducing valve, the pressure difference over the nozzle is 
maintained approximately constant at 13*5 lb. per sq. in. The bore of the nozzle is J in., 
coefficient of discharge 0*625, expansion index 1*4 and 1 lb. of air at n.p.t. displaces 
12*39cu, ft. Ans . 50 cu. ft* 

5. Air nozzle. (B.Sc. 1930.) 

Air at a pressure of 300 lb. per sq. in. and at atmospheric temperature 18° C. is sup- 
plied to a convergent-divergent nozzle having a throat diameter of 0*5 in. and dis- 
charging to atmosphere. The adiabatic index for air is 1 *4 and the characteristic constant 
is 96. Find the weight of air discharged per minute. Prove any formula you employ. 

Ans . 81*9 lb. per min. 

6 . A large mining company has provided 109,000 cu. ft. of compressed air storage. 
The pressure of the air in storage drops from 100 lb. per sq. in. absolute to 25 lb. per sq. 
in. absolute, the temperature remaining constant at 80° F. 

(a) What weight of air is stored initially? 

( b ) By what percentage has the weight of air in storage been reduced? 

(c) What energy expressed in b.o.i*. units has been liberated? 

Ans . (a) 54,650 lb.; (b) 75 %; (c) 92,600 b.o.t. units. 

7. Air supply to internal combustion engine. (B.Sc. 1940.) 

What methods are available for measuring the air consumption of an internal com- 
bustion engine? 

During a test of a four-cycle gas engine governed by the “ hit and miss” method the 
measured gas consumption was 127 cu. ft. per hour at 15° C. and 30 in. of mercury. 
The engine speed was 224 r.p.m., and the explosions per minute 59. The air consumption 
was measured by a sharp-edged orifice l -00 in. diameter; the pressure difference across 
the orifice was 3*56 in. of water, the air temperature 12° C., and the barometer was 
29-5 in. Taking the discharge coefficient of the orifice as 0*6, calculate 

(i) The weight of air supplied to the engine in lb. per minute. 

(ii) The air fuel ratio of the cylinder charge by volume. 

Ans. 1*862 lb. per min.; 5*43 to 1. 


EXAMPLES ON NOZZLES 

1 . Critical pressure ratio and discharge per unit throat area. (B.Sc. 1924.) 
Prove that the ratio of throat pressure to the initial pressure in a convergent-divergent 


nozzle is 


. / 2 \»-i 
18 (n*f 1/ ’ 


where n is the adiabatic index for the expansion, and find an ex- 
pression in terms of the initial pressure and specific volume for the discharge per sq. ft. 
of throat area per sec. 

Ans . 3*6 J&. p 1 is the initial pressure in lb. per sq. ft.; v t is the initial specific 
volume in cu. ft. 



347 


The Flow of Fluids 

2 . Nozzle discharge for frictionless flow, exit diameter. 

The throat diameter of a nozzle is 0*5 in. The initial condition of the steam is 150 lb. 
per sq. in. and 220° C.; the stage pressure is 21 lb. per sq. in. absolute. Calculate the 
discharge through the nozzle in lb. per min., assuming that condensation proceeds 
normally and that friction is absent. 

What diameter should the exit of the nozzle be made? 

Ans . 24*7 lb. per min.; 0-693 in. 

3. Nozzle discharge for frictionless flow. Effect of friction on exit diameter. 

(Senior Whitworth 1923.) 

The throat diameter of a nozzle is 0*25 an. If dry and saturated steam at 150 lb. per 
sq. in. is supplied to the nozzle, calculate the quantity of steam passing the nozzle 
diameter at exit in lb. per sec. The exhault pressure is to be 20 lb. per sq. in. absolute. 
In answering the above, assume frictio|dess adiabatic flow and index n — 1 -135. 

If 10 % of the heat drop is wasted in friction, what should be the correct diameter at 
exit for the steam to issue at the same exjiaust pressure? Ann. 0-1029; 0*362 in. 

4. Heat drop. ] 

j 

Obtain an expression for heat drop in terms of the initial pressure and volume and 
pressure ratio when steam expands from p ± v x according to the law pv n = c. 

Hence find the heat drop per lb. where steam expands from 250 to 0*2 lb. per sq. in., 
given that the adiabatic index suiting these conditions is 1*1 17. Compare this value with 
the heat drop obtained from the H<f> chart and also from the steam tables. 
Temperature at 0-2 lb. = 284*8° C. absolute; G = 0*2. 

Hint. The steam is not dry initially, therefore rj #=1*135. Ans. 196*6 c.H.u. 

5. Expansion index. Throat pressure and velocity. (B.Sc. 1934.) 

Steam at 150 lb. per sq. in. and dryness 0*95 expands adiabatically through a nozzle 
to a pressure of 12 lb. per sq. in. Assuming that pv n = c is the law of expansion, find the 
value of n which satisfies the initial and final state points, and use this value to calculate 
the pressure and velocity of the 'steam at the throat of the nozzle. 

Ans. n = 1-134; 86 lb. per sq. in.; 1460 f.p.s. 

6. Temperature and velocity at throat, and cone angle. (B.Sc. 1924.) 

A nozzle is supplied with steam at 100 lb. per sq. in. and 275° C. Find the temperature 
and velocity at the throat. 

If the diverging portion is 2 in. long and the throat diameter \ in., determine the 
angle of the cone so that the steam may leave the nozzle at 15 lb. per sq. in. 

Assume a friction loss of 15 % of the heat drop in the diverging part. 

Ans. 437° F.; 1750 f.p.s.; Taper 1 in 25 on diameter. 

7* Throat and exit areas. (B.Sc. 1937.) 

Prove that, when steam expands in a convergent-divergent nozzle according to the 
law pv n = c, the ratio of throat pressure to initial pressure is 
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A nozzle is to be designed to discharge 900 lb. of steam per hr. into the wheel chamber 
of a turbine at a pressure of 14 lb. per sq. in. If the steam in the nozzle box is at a pressure 
of 150 lb. per sq. in. superheated to 250° C., find the throat and exit areas for the nozzle, 
assuming a 10 % friction loss. Ans. 0*122 sq. in.; 0*325 sq. in. 


8. Effect of velocity of approach. (B.Sc. 1935.) 

The nozzles in a stage of an impulse turbine receive steam at 250 lb. per sq. in. and 
60° C. superheat, and the pressure in the wheel chamber is 150 lb. per sq. in. If there 
are 16 nozzles, find the cross-sectional area at the exit of each nozzle for the total dis- 
charge to be 620 lb. of steam per min. Assume a nozzle efficiency of 89 %. 

If the steam had a velocity of 360 ft. per sec. at entry to the nozzle, by how much would 
the discharge be increased? Ans. 0*2024 sq. in.; 2*8 %. 


9. Overload nozzle. (B.Sc. 1932.) 

The essential dimensions of the nozzles in the first stage of an impulse turbine are 
given in Fig. 178. 




For normal full power 24 nozzles are open, the steam supply being at 200 lb. per sq. in., 
50° C. superheat. The first stage pressure is 120 lb. per sq. in. 

For overload working additional nozzles have to be opened to allow a total increase 
of 20 % in the steam flow. The chamber pressure increases in the same proportion, but 
the supply pressure then falls to 190 lb. per sq. in. at 50° C. superheat. 

Determine the additional nozzle area required. Take a nozzle efficiency of 91 % for 
both conditions of working. Ans. 2*84 sq. in. 


10. The initial conditions of an impulse turbine are 200 lb. per sq. in. absolute, 110° C. 
superheat, steam supply 7*5 lb. per sec. It is desired to reduce the temperature in the 
first stage nozzles to 200° C. There are 16 nozzles having plates 0*1 in. thick, pitch 2 in., 
exit angle 14°. Find the nozzle heights, allowing a friction factor of 0*96. 

Ans. Throat 0*466 in.; Exit 0*514 in. 

11. Diaphragm. (B.Sc. 1938.) 

A steam turbine diaphragm contains a complete ring of 75 convergent nozzles: these 
are of rectangular section and are separated by division plates as shown in the diagram. 
The direction of flow at exit is 18° to the plane of the diaphragm, and the mean diameter 
of the ring of nozzles is 48 in* 
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Before expansion the steam pressure is 100 lb. per sq. in. and temperature 250° C., 
after expansion the pressure is 60 lb. per sq. in. 

Find the radial width of the ring of nozzles at the exit end to pass 60,000 lb. of steam per 
hr. The frictional loss in the nozzle may be taken as 10% of the available adiabatic 
heat drop. Ana. 0-325 in. 



12. Expansion through a series of nozzles. 

One pound of steam at 350 lb. per sq. in. absolute, superheated 300° F., is expanded 
to 80 lb. per sq. in. absolute in three stages by means of three groups of nozzles, the work 
done in each stage being approximately the same, and the stage efficiency being 80 %. 
The expansion in each group of nozzles is taken as frictionless and adiabatic. Find 

(a) The pressure and condition at the beginning and end of expansion in each group 

of nozzles. Ana. 350, 220, 133 and 80 lb. per sq. in.; 300, 223, 250, 168, 197. 

(b) The work done in each stage. Ana. 43-2 b.t.u.; 122, 140° F. superheat. 

(c) The reheat factor. Ana. 1-022. 

(d) The velocity of issue from each group of nozzles. Ans. 1466 f.p.s. 

(e) Exit area of a set of nozzles for the second stage, to pass 35 lb. of steam per sec. 

Am. 0-1026 sq. ft. 

13 . Steam ejector. (B.Sc. 1938.) 

Steam issuing from a convergent- divergent nozzle is used to withdraw a smaller 
quantity of steam from a vessel in which water is evaporated at 4-5 lb. per sq. in. The 
operating steam is supplied to the nozzle at 100 lb. per sq. in. pressure and temperature 
250° C. and the nozzle efficiency is 85 %. The condition of the entrained steam may be 
assumed to be the same as that of the steam leaving the nozzle, and 15 % of the kinetic 
energy of the steam jet is lost in mixing with the entrained steam. The weight of entrained 
steam is one-fifth of the weight of the operating steam. Finally, the mixture is com- 
pressed in another nozzle and discharged into the atmosphere at 15 lb. per sq. in. The 
efficiency of the compression stage is 60 %. 

Make a sketch of the total heat-entropy diagram for the various operations involved, 
indicating clearly the important pressure lines, and determine (a) the condition of the 
steam after the jet mixes with the entrained steam but before compression, (6) the final 
condition at discharge. Ana . 0-965; 100° C. superheat. 
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14. Nozzle test. (B.Sc. 1940.) 

In a test on a steam nozzle the issuing steam impinges on a stationary flat plate which 
is perpendicular to the direction of flow, and the force on the plate is measured. The steam 
leaving the apparatus is condensed and weighed. 

In a particular test the steam supply was at 50 lb. per sq. in., with 80° C. superheat, 
and the exit pressure was 30 lb. per sq. in. The force on the plate was 15-5 lb., and the 
weight of steam condensed was 20-6 lb. per min. 

(a) Using the steam tables, find the theoretical exit velocity of the steam. 

(b) Calculate the velocity coefficient for the nozzle. Ans. 1530 f.p.s.; 0*952. 

Supersaturation . * 

In the early theory of the flow through a steam nozzle it was assumed that 
condensation of the steam kept in step with the adiabatic expansion, and if this 
expansion were stopped at any instant no subsequent change would take place 
in the condition of the vapour. Under such conditions the steam is said to expand 

in Thermal equilibrium. 

Now if we consider the expansion of a dry saturated vapour to a pressure less 
than the critical pressure the mass flow r is given by 

w = 300A 2 C a p 2 Va.ii.d. (1) 

for which n = 1*135. 

On using the equation for computing the mass flow it was found that the actual 
discharge was about 5 % greater than that computed, even when the effect of 
friction was ignored; whereas in the case of the expansion of superheated steam 
(for which n = 1*3) the two results showed good agreement with theory, the 
calculated discharge (ignoring friction) being slightly greater than the actual 
discharge as one would expect. 

It was found that when the index 1*3 was applied to dry saturated steam, 
concordant results were obtained. This suggested that, up to about 3 % wetness, 
the steam expands as a homogeneous mass, and does not consist of vapour and 
liquid as the condition for thermal equilibrium demands. 

The reason why thermal equilibrium is not realised is that the mechanism of 
condensation, which is a surface phenomenon, is not quick enough in operation. 

The operation of condensation takes an appreciable time and takes place 
partly on the inner walls of the containing vessel, but mostly on the particles of 
dust which are present in enormous numbers in commercial vapours and gases. 

The adiabatic expansion of dust-free vapours requires a reduction in tem- 
perature below the dry saturated temperature, corresponding to the particular 
pressure, before condensation commences on the charged ions that are present, ^ 



* The idea of Supersaturation was advanced by Clerk Maxwell in 1880. 
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These ions form the nuclei of drops that at first contain but a few molecules. The* 
required temperature reduction is known as the degree of under cooling and 
may be regarded as a negative superheat. 

When the supersaturation limit is reached, condensation at constant total 
heat and constant pressure proceeds with remarkable rapidity, the energy 
corresponding to the latent heat of the steam condensed being shot out as 
radiation, thereby elevating the temperature of the supercooled vapour. The 
subsequent expansion of the steam may be regarded as taking place in thermal 
equilibrium. 

Since in the supersaturated state the vapour was unstable, restoration to the 
stable state involves an irreversible operation. 


Up to the cloud limit the steam behaves as if superheated and follows the laws 


where b — —0*00212, 


p(v — b) 1 ' 3 constant, 


Pi l Pi 

yi:i/:» T yisA • 


(4) 


v = 2-2436 0-00212, 

P 

T 10 V(v — b) = constant. 


(«) 


Effects of supersaturation. 

Since condensation does not take place during Supersaturated expansion, 
then, to satisfy the conservation of energy law during adiabatic expansion, the 
gain in kinetic energy of the steam during the expansion must be at the expense 
of the sensible heat of the steam. In consequence of this the temperature of the 
steam will fall below the saturation temperature corresponding to the prevailing 
pressure, and therefore the density of the steam will be greater than for the 
equilibrium condition, giving a proportional increase in the mass discharged. 

A further effect of supersaturation is to reduce the heat drop (for the same 
pressure limits) below that for thermal equilibrium, but since the value of this 
drop occurs under the root sign in equation ( 1 ) its eff ect on the mass flow is slight, 
and is more than compensated for by the lower throat pressure (0-54f>pj against 
0-577 p x ). 

A secondary effect of supersaturation is to increase both entropy and specific 
volume immediately the supersaturated condition is passed. 


Measure of supersaturation. 

The degree of supersaturation is conveniently specified as the ratio 

The density of the su percooled vapour 

The density of the saturated vapour at the temperature of the supercooled 

It should be observed that the ratio of the densities is nearly the same as the 
ratio of the pressures. 
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Experimental proof that condensation is absent in nozzles. 

fcstodola, by using a glass nozzle which was strongly illuminated, showed that 
drops of water were absent until the steam had cleared the nozzle by a consider- 
able distance. 


The limit of supersaturation (Cloud limit). 

A droj) of water may be regarded as a collection of molecules in an elastic 
membrane which can withstand a considerable pressure difference across the 
membrane, particularly when the diameter of the drop is small. 

Lord Kelvin* showed that the vapour pressure p in a fog containing drops of 
radius r was given by the equation 


w p = AJJL 

8e Ps JtT s rp ’ 


( 6 ) 


where p 8 is the saturation pressure corresponding to a flat surface, i.e. when r 
is infinite, 

< 7 is the surface tension of the membrane, 

R is the gas constant, 

T s the absolute temperature corresponding to pressure p 8) 
p the density of the liquid in the drop. 


By assuming that condensation commences with the formation of droplets 
of the same size, H. M. Martin, in 1918, by considering r as 5 x 10~~ 8 cm. at 80° F. 
reduced Kelvin’s equation to 

logio^-3-75^. (7)t 

cr = 76*08(1 — 0 - 002 f s 4^*00000415^) dynes per sq. cm (8) 


Now since a pressure difference is required to disintegrate a drop, a similar 
pressure difference is required in its formation, and C. T. R. Wilson J showed that, 
in the absence of dust, condensation did not occur with moisture-ladened air 
until p/p 8 > 8. When this Jimit was exceeded a cloud appeared, almost instan- 
taneously, throughout the whole of the vapour. 

By using equations (7) and (8) in conjunction with Callendar’s equations for 
steam, H. M. Martin plotted on the H<f> chart a line which lay between the 3 and 
7 % witness lines and which represents the limit of supersaturation. In honour of 
C. T. R. Wilson, § this line is known as the Wilson line. 

The line is plotted by selecting various saturation pressures p 8 , and, by refer- 
ence to steam tables, the corresponding values of t 8 and T a may be obtained. 


* Phil, Mag . 1870. t See Engineering , vol. cvi, p. 161. f Phil. Trans. 1897. 
jj Mollier diagrams on which the Wilson line is plotted are difficult to obtain. Longman, 
Green and Co. publish a chart bearing this line in Goudie’s Steam Turbines. Jeans deduced, 
from viscosity experiments, that the radius of a molecule of water was 2*29 x 10~ 8 cm. 
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By inserting these values in equations (7) and (8), p. 352, p may be evaluated, 
and by reference to steam tables the corresponding saturation temperature t is 
obtained, whence the degree of negative superheat is — The Wilson line is 
now plotted in exactly the same way as the superheat lines are plotted from 
Callendar’s Tables, which gives H and (j> in terms of the pressure and degree of 
superheat. 

Fig. 180 shows a portion of an Hcj) chart with the negative superheat lines in 
the supersaturated field. Into this field are produced the constant pressure lines 
from the superheated field; so that a point of discontinuity occurs at E. Because 
of this discontinuity the supersaturated heat drop AB is less than the heat drop 
AC which occurs when the expansion takes place in thermal equilibrium to the 
same final pressure. 

The rapid condensation which occurs When the Wilson line is crossed causes 
the entropy to increase by BD in passing from the constant pressure superheat 
line to the constant pressure saturation line. 


The supersaturated state shown on the T<f> diagram. 

Because of the irreversible operation involved in supersaturated flow the T(j> 
diagram is not particularly suitable for demonstrating this expansion. 

The Wilson line is first established on the Tcj) diagram by producing the super- 
heated constant pressure lines into the wet field. From points such as D (Fig. 1 81 ) 
measure the degree of undercooling vertically downwards to establish the hori- 
zontal line EF\ the intersection of this line with the constant pressure line BD 
then establishes one point E on the Wilson line. Other points are obtained in the 
same way. 

The process of supersaturated expansion is probably best understood by first 
considering the expansion of superheated steam where the final state point, T. M 
is still in the superheated field, since negative quantities are not involved in this 
problem, which is shown in Fig. 182. On this diagram the work done is shown 
dotted and is the difference in total heats (H A — H B ). 

Now H h may be regarded as the total heat of dry saturated steam at (7, plus 
the superheat — 1\). In the case of undercooling T 3 < T 2 \ so that the superheat 
is negative, and therefore the heat rejected [h 2 + L 2 + s(T 3 — T 2 ]\ is less than 
(A 2 + L 2 ), but greater than the rejection h 2 x 2 L 2 (which obtains when the expansion 
is in thermal equilibrium) by the small triangle DCB (Fig. 183). 

The series of similar triangles, such as DC'B\ may be used to correct the work 
done in thermal equilibrium in order to indicate the actual work done in the 
metastable condition, which is shown dotted, Fig. 183. 

Since the heat represented by the triangle DCB is not converted into work, 
then, during the irreversible operation, it dries the stream at constant pressure 
and constant total heat; thereby causing an increase in 
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Work Done x 2 

Irreversible 
Operation 


Heat Rejected 
h 2 + L z + S (T 3 ~T,) | 


0 Increase 0 During 
the Irreversible 
Operation 



Fig. 183. 


Ex. Dry saturated steam at 100 lb. per sq. in. is expanded in a nozzle until the cloud 
limit is reached. Determine 

(a) The critical pressure. 

(b) The pressure and temperature when the cloud limit is reached. 

(c) The saturation pressure corresponding to the undercooled temperature. 

(d) The specific volume at the beginning of condensation and that at the end. 

(e) The degree of supersaturation. 

(/) The heat drop and the increase in entropy. 

For the formation of a drop of water equations (1) and (2) must be satisfied. 


<r « 76-08 (1-0*002^ +0-00000415^). (1) 

log 1 oj = 3'75^ r . .(2) 

Assign values of t, and T„ and obtain the ratio p/p,, thus: 


Table I 


t, °c. 

p/p$ 

Ps 

p 

l°C. 

Undercooling 

t-t 9 

60 

5-84 

2-88 

16-87 


43-8 

70 

5-4 

4-6 

24-8 

116-3 

45-3 

80 


6-87 

34-45 


460 


* 4-41 

10 4 

45-9 

1353 

45-3 

100 

4*3 

14*69 

63-1 

146-7 

46-7 
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For supersaturated expansion the relation between pressure and temperature is 
given by 



where T a is the undercooled temperature, 

T 1 is the initial temperature of the steam, 
p x is the initial pressure of the steam, 

p is the vapour pressure when the pressure within the drop is p 8 and the tem- 
perature t 8 . 

By assigning various values to p the values of T a may be obtained for p x = 100 lb. 
per sq. in., T x = 437*5° C., thus: j 

TaJ>le II 


V 

T, T 

t a 

Ps ' 

60 

388-5 f 

1 15-4 

25 

50 

373-0 

100-0 

14-7 1 

45 

364 0 

91 0 

104 

40 

354-0 

81-0 

7-1 

35 

343-4 

70-3 

4-6 


Comparing Tables I and II it will be seen that when p = 35, equations (1), (2) and (3) 
are satisfied simultaneously. 

Hence the pressure at the cloud limit is 45 1b. per sq. in. and the temperature 90° C.; 
the saturation pressure is 10*4 lb. per sq. in. 

For the expansion 

2>i(»i — &) 1 ' 8 = P(v — i) 13 » 

v- 0-00212 = 

1 

> = ^j 13 (4-429 - 0-00212) +0-00212. 

Specific volume at the beginning of condensation 

v = 8*187 cu. ft. 

To obtain the specific volume at the end of condensation at constant total heat, first 
obtain the total heat from the equations 

v = 2-2436 0-00212, 

P 

h = -) 45 + 464 = 628 c - Htr - 

Apply ing this to the H<f> chart, the intersection with the constant pressure line in the 
wet field locates the dryness as 0-965. 



356 The Flow of Fluids 

Hence the specific volume at the end of condensation 

= 0955 x 9-386 = 8-96. 

= 9-45%. 
cu. ft. per lb. 
= 4-53. 

The pressure ratio is 4-41. 

Initial total heat at 100 lb. per sq. in. = 661-5 
Final total heat at 45 lb. per sq. in. = 628-0 
Heat drop = 33-5 


0-773 

The percentage increase in volume during condensation = - — - 

The specific volume at 10-4 lb. per sq. in. = 37*02 

37-02 

The degree of supersaturation = 8 187 


Had the expansion been in thermal equilibrium the heat drop from the H<j> 
chart ss 35 c.h.u. 

jjg 33*5 

Increase in (j> = — — = 0-00368 rank. 


Ex. Explain what is meant by the supersaturated expansion of steam. 

Compare the mass discharge of a nozzle supplied with steam initially dry and satur- 
ated, that is expanded in thermal equilibrium to the critical pressure, with that of a 
similar nozzle in which the expansion is supersaturated. 

The mass discharged per sec. 


= w = A ^(nll) n ~ 1 J 2 gP^nT V 


(1) 


For the expansion, in thermal equilibrium, of intially dry and saturated steam, 
n * 1-135; for supersaturated flow, n = 1-3. 

Substituting these values in (1) and considering that A 2 C d is 1 sq. ft. area and that 
is in lb. per sq. ft.: 


For thermal equilibrium 

w - (2T35) 015 J 2gI v x ¥i i = 3,604 J % lb - sec - per sq - ft - 

For supersaturated flow 

”-(&rV 2 »§5i =3 ' ,86 V?- 

The percentage increaso in discharge due to considering the flow supersaturated is 


100 




780 — 3 004 
3 004 


HPi/v 1 


18-2 
3 004 


— 5-05 %, 


Ex. Exit velocity and the degree of undercooling. (B.Sc. 1940.) 

Briefly explain the phenomenon of supersaturated expansion of steam, and its effect 
upon the discharge from a nozzle as compared with expansion in thermal equilibrium. 

Steam expands in a nozzle from a pressure of 80 lb. per sq. in. and temperature 210° C. 
to a pressure of 20 lb. per sq. in. under supersaturated conditions. Assuming there is no 
frictional loss, calculate (a) the exit velocity, (b) the amount of undercooling. 
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Under supersaturated conditions the heat drop is given approximately by 


n- 



n— r 

H 

V j 


or exactly by 


n p 1 (v 1 -b) 


1 

/p 2 \ 

\2V 


vl. f , 

+ jiVi-p*)- 


n - 1 J 

To determine v x we can use Calendar's equation 

2-°436 

v= ^ -[#-464] -0-0021. 

H may be obtained from the steam tables if we know the degree of superheat, thus 
Steam temperature = 210*0° C. 

Saturation temperature at 80 lb. por sq. in. = 155-6 
Degree of superheat j 

.\ H =*; 686*6 C.H.U. 

2*2436 , 

*1- 


80 


1*3 80x 144x6-25 

AHD - = 0-3 X 1400“ 


54-4° C. 

[686*6 — 464] = 6*25 cu. ft. per lb. 

1 - 


0-3 

/20\i 3 1 

■-( to ) )-*°“ CUD - 


Exit velocity = 300^60-8 + 2338 f.p.s. 
Final temperature of the supersaturated steam is given by 


Q"<* 


(210 + 273) = 350-8° C. Abs. 


Saturation temperature at 20 lb. per sq. in. = 382-0 
Degree of undercooling = 31 -2° C. 


Recent work on supersaturation. 

In their excellent paper, u ‘ Pressure 
distribution in a convergent-divergent 
steam nozzle ”, by A. M. Binnie and M. W. 
Woods,* the authors have shown that the 
theory of supersaturation, just outlined, 
is not absolutely precise. Condensation 
was not found to take place at constant 
pressure and constant total heat, but a 
sharp rise in pressure of almost 1 lb. per 
sq. in. occurred soon after the Wilson line 
was crossed (see Fig. 184). 

Condensation was never found to occur 
until the throat was passed, and therefore 
the pressure rise did not influence the mass 
discharged. This may be confirmed from 
the Mollier diagram where, commencing 

* Proc. Inst . Mech . Eng. vol. cxxxvm, 1938. 



Fig. 184. 
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with steam initially dry and saturated, and regarding the flow as supersaturated, 
the wetness at the throat is less than that shown by the Wilson line. 

As would appear natural, the drying effect of friction on the steam is to prolong 
supersaturated flow, but, after the peak pressure is passed at B, the flow continues 
in thermal equilibrium (see Fig. 186). 

• r 

The process of supersaturated expansion as revealed by Binnie and 
Woods’ experiments. 

Binnie and Woods illustrated their theory of supersaturated flow by Figs. 
186 and 186. 

h - i 



Equilibrium with Friction 

Volume ®i 3 

Fig. 185. 
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On the pv diagram IjS^ represents the expansion in thermal equilibrium 
allowing for friction. From 8 to 3 X the steam is wet. 

The supersaturated expansion line diverged from 1S3, at S, up to the point 
A, where condensation commenced. Condensation was attended by a pressure 
rise and contraction in volume up to point B. From B the expansion continued 
in thermal equilibrium, the friction loss from B to 3 being about 20 % of the heat 
drop .63. The exponent n for this portion of the expansion is considerably less 
than 1-3. 

On the Mollier diagram the expansion to the throat is isentropic; beyond the 
throat the friction loss is considered as a constant proportion of the subsequent 
heat drop, and if thermal equilibrium obtains this moves the isentropic state 
point from 3 2 to 3,. \ 

To allow for supersaturated conditions the expansion A B is almost isentropic, 
entailing an increase in total heat at the expense of a reduction in velocity. 
Finally, the expansion B to 3 takes place in thermal equilibrium. It should be 
noted that high degrees of superheat shorten the length B3. 

Supersaturated flow in a turbine.* 

Although supersaturation occurs in turbine nozzles, yet there is little evidence 
of it in the stages themselves, and a turbine in which the effect of supersaturation 
is ignored evidently behaves as well as one for which allowance is made for 
supersaturation. This is probably due to the fact that, whilst supersaturation 
reduces the heat drop, it at the same time reduces wetness and causes the volume 
to contract, thereby causing a considerable reduction on the terminal loss at the 
turbine exhaust, since this loss depends upon the square of the specific volume. 

The slightly increased reheat with supersaturated flow will also have an in- 
fluence, but it is more than probable that the empirical coefficients employed 
in the design of turbines automatically allow for the total effect of the various 
influences. 
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EXAMPLES ON SUPERSATURATION 

I . What evidence is there that steam may be supersaturated after rapid adiabatic 
expansion? Discuss the possibility of this state continuing in a turbine that is supplied 
with superheated steam. 


2. Limit of supersaturation. (B.Sc. 1921.) 

Explain what is meant by the supersaturated expansion of steam, and give some idea 
of the limits within which the condition is possible. Steam is expanded from 60 lb. per 
sq. in. absolute and 170° C. to a pressure of 20 lb. per sq. in. absolute. If the expansion 
is supersaturated, and occurs with a friction loss of 5 %, determine the actual and 
isentropic drops and degree of undercooling. 

For supersaturated state you may use the approximate Callendar equation: 


V = 2-2436 


(H- 464) 


= constant, pv 13 = constant, 
y-tf- * 

Take specific heat as 0-52. Specific volume at 60 lb. per sq. in. absolute and 
179° C. = 7-685 cu. ft. Ans. 46, 48 c.H.u.; -38°C. 

(B.Sc. 1926.) 

3. Prove that in the case of a fluid undergoing isentropic expansion in a nozzle in 
accordance with the equation pv n = constant the discharge per unit area of cross-section 
at the throat is given by the expression 

l , 

/ 2 \n-x / 2gnp t 

\w+i/ V ljvj* 

where p x and v x are the initial pressure and volume respectively. 

What values would you select for n when the steam expands in such a way that 
(1) it is in thermal equilibrium at each stage during expansion and (2) it remains dry 
and becomes supersaturated? 


4. Supersaturated flow. 


(B.Sc. 1936.) 


Steam expands through a nozzle under supersaturated adiabatic conditions, from 
an initial pressure of 120 lb. per sq. in. and temperature 220° C. to a final pressure of 
40 lb. per sq. in. Determine the final condition of the steam, and the exit velocity. 

Compare the mass flow through the above nozzle with one in which the expansion 
takes place under conditions of thermal equilibrium. The following relationships may 
be used: 


T7 _ 2-2436(tf-464) 

' ~ 9 
P 


pv 13 = constant, 


JL 

yV 


= constant, 


where V is the specific volume, H is the total heat per lb., p is the pressure in lb. per sq. 
in., and T is the absolute temperature. 

An&. Degree of undercooling, 21-2° C. ; Dryness fraction for thermal equilibrium, 
0-977. Since the throat pressure is in the superheated field, the discharge will be the 
same for both flows. 
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5. Heat drop and degree of undercooling for supersaturated flow of steam. 

Describe, with the aid of sketches, how the metastable adiabatic expansion of steam 
is represented on T<j> and H<f> diagrams. 

Steam at a pressure of 100 lb. per sq. in. superheated 20° C. expands adiabatically 
in a nozzle to 30 lb. per sq. in. without any water separating out. Calculate the loss 
of available energy and the range of supercooling which occurs as a result of super- 
saturation. 

V = [ 2-2430 «1 - 0-00212, 4? = constant. 

L P J t j »- 

Ans. 3-0 O.H.U.; 47-9° C. 


6. Velocity and area at the throat and exit of a nozzle. 

Assuming supersaturated expansion, and neglecting frictional losses, determine 
the velocity of the steam and the cross-sectional area at the throat of a nozzle when 
60 lb. of steam per min., initially at a pressure of 125 lb. per sq. in. absolute and 200° C., 
flow through a convergent-divergent nozfcle. Also calculate the degree of undercooling 
at the throat. 

Assuming a frictional loss of 1 2 % of the heat drop from the throat, calculate the exit 
area of the nozzle and the velocity of steam issuing from the nozzle if the pressure in 
the stator is 2 lb. per sq. in. 

Ans. 1620 f.p.s., 0-547 per sq. in.; 12-9° C.; 3570 f.p.s., 6-01 per sq. in. 



CHAPTER XII 


Introduction. 


THE FLOW OF HEAT 


The importance of heat transmission in engineering cannot be overrated, it is 
every bit as important as the flow of fluids, but, unfortunately, many more 
variables* are involved and it is impossible to separate and treat them one at a 
time. 

In the majority of cases that arise in engineering practice, heat flows from some 
medium through a solid retaining wall into some other medium. To effect this 
transmission of heat a temperature difference (T x — T 2 ) is essential, as is also an 
area A through which the heat can flow. It would also appear that the thicker 
the material x in the direction of the flow of heat, the smaller the amount trans- 
mitted for a given temperature difference. 

These observations may be formulated thus: 


Heat transmitted per second = H = 


kA(T,-T 2 ) 

x 


(1) 


The constant k is the Thermal conductivity of the material, and is the 
quantity of heat passing between opposite faces of a unit cube in unit time when 
unit temperature difference is maintained across the faces. 

It should be observed that T x and T 2 are the temperatures at the surfaces 
of the metal itself, and these may be very different from the fluid temperature. 

In the case of i.o. engines it is not uncommon to have a gas temperature of 
2000° C. above a piston which may be melted at 600° C. 

It is the oxide or scale film on the metal, or the inert film of fluid, which is 
responsible for by far the greatest resistance to the flow of heat. 
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For an elementary thickness dx of the plate equation (l) becomes 


H - - kA 


dT 


dx- < 2 > 

The negative sign must be introduced since dTjdx is in itself negative. 


* The flow of heat through a oondenser tube involves nine variables. 
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In the British system k has the dimensions „ , ' ' — , and for insulators 

foot, hour, F. 

like cork k =0-02, and for copper, one of the best conductors of heat, k = 240. 

Conduction through fiat plates. 

By the Kinetic Theory, the conduction of heat through a flat plate may be 
explained in the following way. 

The molecules of the high-temperature fluid move far more rapidly than those, 
of the low-temperature fluid, and therefore the face AB of the plate in Fig. 1 87 
is subjected to a more violent bombardment than is the face CD. 

An elementary theory explains that this bombardment is transmitted through 
the plate to the cold fluid in much the |ame way as a shunting engine transmits 
its momentum to a line of trucks . Actually the exact mechanism is not thoroughly 
understood, but it must be similar to tpe mechanism of conducting a current of 

electricity, since the laws of heat flow |a.nd electricity are similar. 

? 

Ex. Brick wall. ; 

Calculate the heat loss through a 9 in. brick wall per sq. ft. of surface if the tem- 
perature difference across the faces is 200® F. and the coefficient of conductivity is 0-4 

B.T.U. 

ft.hr. °P? 

„ 0-4 x 200 i. 

H — a — 107 b.t.u. per sq. ft. per hr. 


Radial flow through a thick cylinder. 

Numerous cases arise in practice of heat flowing from one fluid to 
through the walls of a tube, the tempera- 
ture along the tube being regarded as con- 
stant, and greatest at the inside. 

At radius r (Fig. 188) the surface area is 
2nrl, and by equation (2) 

AT 



H = — k 2nrl 


dr ' 


Separating the variables and integrating 
between the radii rq and r 2 , 

H f r ’— = - 2 t tU f T 'dT, 

Jn r Jr, 


-1 ! 

^-r 

* — ^ i ^ 


fllog ,? = -2<rK(Ii-n). 

~x 


H 


2nkl(T l - T 2 ) 

log* 


Fig. 188. 

2nkl{T x — T 2 ) 
(iog7r 8 -log e r 1 )‘ 


.(S) 
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When r x -* r 2 , then log e r 2 - log e r x ^ £(log e r), 

.. d , . Sr 

81og e r = ^ log e r = ~ ■ 

Hence for thin tubes: 

„ 2nkl(T 1 -T 2 )r 

H = , 


which is the flow through a flat plate of thickness dr and area 2nrl. 

Equation (3) may be used in the experimental determination of k by taking a 
thick-walled tube, inserting thermocouples at radii r x and r 2 , and noting the 
temperature drop (t x — t 2 ) over length l of the pipe when w lb. per sec. of a fluid 
having a specific heat s are circulated through the pipe, thus: 


ws{t x - t 2 ) 


2nkl(T 1 -T 2 ) 

log f r 2 lr x 


Logarithmic mean radius. 

It is sometimes convenient to express radial flow in terms of the same flow of 
heat through an equivalent flat plate of thickness {r 2 — r x ) for which the equi- 
valent area A e is required. 

Equating the flows, 

H 2 nkl{T 1 — T 2 ) _ kA'(T t -TJ 
log e r 2 /*i r t -r x ’ 

A = ( r Z ~ r i) 27rl _ A 2~ A 1 

e l°gc r J r i lo&AJAf 


T T 

The quantity — f- is known as the Logarithmic mean radius. 

Iog e r 2 /r ± 


Ex. Lagged pipe. 


What is the heat loss per hour from 10 ft. of 1 in. bore steel pipe carrying dry saturated 
steam at 165 lb. per sq. in. absolute if it is lagged to a depth of 2 in. with magnesia 

B T TJ 

pipe covering for which Jc = 0 04 hr per Q F ’ temperature directly beneath 

the canvas is 90° F. 

The outside diameter of the pipe is 1 *315 in., and, for the small heat flow, the tempera- 
ture at the inner surface of the lagging may be assumed equal to that of the steam, viz. 
366° F. at 165 lb. per sq. in. 

Outer diameter of lagging = 5*315 in. 


„ 2ttx 0-04x10(366-90) 0 , 

Heat flow = — = 49*8 b.t.xj. per hr. 

. 0*315 

log *r- 3 i 5 


(B.Sc. 1938.) 


Ex. Derive from first principles an expression for the heat flowing by conduction from 
the inner to the outer surface of a long thick- walled cylindrical shell. 

A pipe 6 in. external diameter carried steam at 300° C. and is covered by lagging 1 *0 in. 
thick having a thermal conductivity of 0-03 c.h.u. per sq. ft. per hr. per ° C. per fooj 
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thickness. If the temperature of the exposed surface is observed to be 50° C., estimate 
the rate of heat loss per foot length of pipe. 


H = 


2ttx 0-03(300 — 50) 
log A 


= 103-7 C.ii.u. per hr. per ft. 


Radial flow through a thick sphere. 

Using the same notation as for the cylinder, 


77 = 4nk ( T i ~ I/ _ 4? ikr x r % {T x - T>) 
f/ra)’ '■ (rz-rj 


Conduction through several bodies placed in parallel. 

With conductors in parallel each may be considered independently of the others, 
the total heat flow H being the sum of the individual heat flows. 


H = k 1 A 1 


(7'i — T 2 ) 


+ k 




(Ty-T t ) 


--betc., 


B -n- T j[k + k + i + -]• 

where resistance R„ = x n /k n A n , n— 1,2, 3, etc. It is this resistance that requires 
the temperature difference to produce unit flow of heat in unit time. In this 
respect it is equivalent to electrical resistance R = EjC, i.e. the js.m.f. per unit 
current. 


Conductors placed in series. 


In practice we are more usually concerned with the flow of heat through several 
conductors placed in series than through a single clean plate, since surface deposits 
may be regarded as additional conductors, placed in series. 

If, in the first instance, we assume that there is no loss of thermal potential at 
the contact surfaces, then the temperature gradients will be as shown in Fig. 189, 
and by equation (1), p. 362, 


H = Mi 


(T,- 


■t 2 ) 


= m 2 


(T s -n) 


Xa 


k,A. 


(T 3 ~T t ) 


Xa 


In this equation the areas have been given different values to make it of general 
application. In the case of a curved surface the contact areas are continuous, yet 
differ in area: 




Hx. 


Hx., 
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Adding these equations together, 

M 


H 


H = 


X 


V+1 




-f* -Z ^2 *4“ -R 3 


Jc^A- 2 k^A^ 



Fig. 189. 


where JSj, i? 2 and ii 3 are the individual 
resistances. 

Imperfections in surface contact due to 
scale, surface roughness, air pockets, etc. 
cause an abrupt drop in temperature at 
each surface, and, as a rule, this absorbs 
far more thermal potential than do the materials themselves. 

Because of this, instead of attempting to obtain the separate conductivities 
of the materials and their contact films it is customary to measure the resistance 
R of the combination taken as a whole, and to express this as the Overall 
thermal resistance to heat transmission. 

Most industrial investigations on the flow of heat have been directed to 
obtaining this Overall coefficient. For original investigations the individual 
resistances are sometimes required. 


Ex. Insulated furnace wall. 

A furnace wall is made up of 9 in. of firebrick, 3 in. of insulating brick, 3Jin. of red 
brick. The temperature at the inner surface of the wall is 1500° F. and at the outer surface 
150° F., and the average conductivities of the three types of brick are 0*7, 0-07 and 0-5 
respectively. 

Neglecting the resistance of the joints, calculate the temperature at the interfaces 
between the different kinds of bricks. 


Considering 1 sq. ft. of surface: 
Resistance of firebrick 

Resistance of insulating brick 


9 

12x0*7 


= 1*07 


3 

12x0*07 


= 3*57 


Resistance of red brick 
Total resistance 


3*5 

12 x 0*5 


= 0*583 


= 5*223 


Heat flow in b.t.u. per sq. ft. per hr. 


(1500—150) 

5*223 


258*3. 


Temperature drop through fire brick = 258*3 x 1*07 = 276° F. 

Temperature drop through insulating brick = 258*3 x 3*57 « 922° 
Temperature drop through red brick = 258*3 x 0*583 — 151° 

Interface temperatures : 1224° F., 302° F. 1349° F. 
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Mean temperature difference for a tubular evaporator or condenser. 

When a fluid A (see Fig. 190) is passed through a tube with the object of 
evaporating or condensing another fluid B at constant temperature t B , the 
fluid A will lose or gain heat during its passage through the tube, and therefore 
the temperature difference (t B -t A ) which promotes heat flow will vary along 
the tube. 



The heat flow through an element of length dx is given by 


dH = dx heat units per hour, 

•(1) 

where R is the overall resistance to heat flow per unit length of tube when t A is 
measured at the axis of the tube. 

The heat flow dH will raise the temperature of fluid A by an amount dt At 
when a mass w lb., of specific heat s, circulates per hour: 

wsdt A — QL-Ja 1 dx. 

A R 

•(2) 

Integrating (2), 

[* A dt A _ 1 f* hi-h _ x 

J t A i \ \d W&R Jo 5 6 ^Ai wsR 



(3) 


The mean temperature difference (t n —t A ) m is that temperature difference 
which, when remaining constant along the length L of the tube, will produce the 
same rate of heat flow as does the variable temperature difference, thus by (3) 
and (1): 
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H = ws(t B -t Al )\_ l-e _u5 *], W 

H produced by mean temperature = ~ L. (5) 

Equating (4) and (5), 

= - S L ~ [l -e"-*] . (6) 


W sJt 

To eliminate —y— and e W9H from (0), make use of equation (3), thus: 
Jj 

When x = L, t A = /^, so that 

/ t — 

l Ii L Ao __ g IWfii 
^1? ““ 

l0g *(fe^) = ™-«' (8) 

By (7) and (8) in (6), 

fc-u. - - « 

M&x ° JJ 

For design work this equation is more convenient when expressed in the form 


l.e. 




~ (^7V ^lo) 



n = 

" - ,: 31og J0 W 


where 0 OT is the mean temperature difference, 

0 i is the temperature difference at inlet, 
0 o is the temperature difference at outlet. 


( 10 ) 


( 11 ) 


Equation (11) was first deduced by Grashof and is widely employed in the 
design of heat exchangers, although, strictly speaking, it only gives the correct 
mean when the assumptions made in its derivation are satisfied. In condensers 
and evaporators, where some of the tubes are submerged, or when air is present, 
t B cannot be constant, and yet the equation has been successfully applied by 
engineers, and the experimental constants involved in heat flow computations 
have been based on the logarithmic mean temperature. This mean gives a lower 
rate of heat transmission than is actually realised in practice, and therefore 
heaters, designed on this basis, will transmit more heat than calculations would 
credit. 
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For steam condensers 6 0 is the difference between the temperatures of the 
incoming steam and the outgoing cooling water, and is the temperature 
difference between the steam and the incoming cooling water. 

Obviously the equation does not depend upon the direction in which the fluid 
flows or upon the number of passes* since these are only introduced to make the 
condenser or heater more compact. On placing the consecutive passes end to end 
we have but one long tube. 

The equation can be applied to cross -flowf heaters since, over each tube, 
the temperature t B is sensibly constant, but varies from tube to tube, so that each 
tube should be made the subject of a separate calculation. 


Ex. A surface condenser of the two-flow type has cooling water entering at 60° F. and 
leaving at 75° F. The temperature of the steam entering the condenser is 83° F. and the 
temperature of the condensate is 78° F, Find the logarithmic mean temperature 
difference, and compare this with the arithmetic mean. 


* (78 — 60)— 183 — 75) 

/78 — 60\ 
23 lo^83_75 


12-5° F. 


n - (78 -60) + (83 -75 ) 

V am 2 1 o x . 


Parallel flow in plate or tubular heaters. 

In many forms of compact heat exchangers the fluids are conveyed in double 
pipes — one fluid flowing on the outside of the pipe which carries the other fluid, 
and in the most efficient form, with the object of obtaining a fairly constant 
temperature difference across the division, the fluids flow in opposite directions, 
giving rise to counter-flow heat exchangers.} 

To obtain an expression giving the temperature at any point in a parallel-flow 
or counter flow heat exchanger, and hence the rate of heat transmission, the 
following assumptions are usually made: 

(a) The heat flow is proportional to the temperature difference over the tubes. 

( b ) The velocity of fluid flow is invariable. 

(c) The specific heats of the fluids are constant. 

(d) There is no longitudinal flow of heat. 

The analysis is further simplified by considering everything positive. 

* Each time a fluid traverses the length of a heat exchanger it is said to have made a pass. 

t In cross-flow heat exchangers the two fluids move normal to each othor, for e.g. in a 
motor car radiator the cooling air moves normal to the water. 

} Trevethick used a contra-flow exhaust food heater. 


WKE 


24 
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Let w A and w B be respectively the masses of cold and hot fluids flowing in A 
and B per unit time, 

s A and 8 b be the respective specific heats of fluids in A and B, 
t Ai and t Bi be the respective inlet temperatures, 
ho and t Bo be the outlet temperatures, 

A be the surface area up to any point x , 

A 0 be the surface area up to the outlet, 

K be the overall coefficient of heat transfer between the fluids. 



Fig. 191. 


In traversing the elementary area A A the hot fluid will lose heat to the cold 
fluid, with the result that the temperature of the hot fluid will decrease by an 
amount dt Bi whilst that of the cold fluid will increase by an amount dt A . 

Per unit time the heat transfer is 

-w B s B dt B = w A s A dt A = K(t B -t A )dA. (1) 

The first two terms in (1 ) may be integrated over the length Otox for which the 
terminal temperatures, in the case of parallel flow, are t Ai9 t A and t B ^ t B respec- 
tively. 

~ w B 8 B I ** + W A 8 A f fyd' 

Jt# jt Ai 
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W B S B^Bi ~ ^b) = W A S A Oi ~ i) > W 

from which t A — t Ai + (t Bi — t B ). (3) 

W A S A 


Equating the first and last terms in (1) and substituting from (3) for t A , we have 
-w B s B dt B = K[t B -t Ai -^(t Bi -t B )jdA, 



tB = 


WjS 


' A "A 


t Ai + ^tBi + (tBi-<M)e . 


^ ' l («U */i^ u 'H s h) 


W A*A 


Wa s a + w b»b \ ^ 

yus^t Ai + w n s B t m -t Ai ) - A A 


l _|_ Yl \ PI Y X g 

w A s A + w B % w A s A + w B s B 


. . w A S A (tni~t A i) i_ 

l B — l Bi~ o 


-KA 


By (3) and (4), 


W A S A + W B S B 


. . WbSbL , , WAjAihi -tAi) 

tA -*« + — \ l Bi-hn+ Wa s a + w b s b L 


*A s a 


l' 


(->-+ ' \ 
w B s B ) 

(t£j4 1 


1-e 


/■ 


1 J 


.(4) 


( 6 ) 


Total rate of heat flow in parallel flow pipes. 

By equation (1) the heat flow through an elementary area dA is given by 

dH = K[t B -t A ]dA. 

Substituting from (4) and (5) in this equation gives 

~ KA (uuH + u’a*j) 1 

dH = l ~ e WA s A + WB s B 
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C j rj rr u . s, ^ ~ KA {^a + wIs^} , . 

\dH — K(t Bi — t Ai ) \ e dA. 

• II Vm-h t) f. ~ KAo (wa*w1) 

\w A S A V' B Sj l l 


Logarithmic mean temperature difference. 

The mean temperature difference {t B — t A ) m , which, when multiplied by KA 0 , 
will give the same rate of heat flow as that given by equation (6), may be obtained 
from equations (4), (5) and (6), thus: 

When A is given the value A 0 , t B in (4) becomes t Bo and t A in (5) becomes t Ao , 
and subtracting . 1 x . 

u 4 \ u 4 \ ~ KA °v^ + ^ s e) . 

( ( Iio — tlo) — {^Si~^Ai) e * ( 7 ) 

••• (8) 

By (7) and (8) in (6), 

Heat flow per unit time 

u 4 \ zr A (hi “ hi) KA 0 f i ho ~ ho~\ 

(h ~ him A A> ~ 77 Y \ 1 ~ 7~—f • 

l l Bi l Ai j L hit l AiJ 

* \ho ~ ho/ 


(h~~h)m — 


(hi ~~ hi) ~~ (hso ~~ ho) 


y (hi ~hi\ ‘ 

be \ho-hoJ 


This equation is similar to equation (10), p. 3G8, the mean temperature differ- 
ence being expressed in terms of the temperature difference at inlet and outlet. 

Counter -flow heater. 

The temperatures and rate of heat transfer in a counter -flow heater may be 
obtained from the expressions for parallel flow heaters by reversing the sign of 
one mass flow w (since this is a vector quantity) and interchanging the inlet and 
outlet temperatures of one fluid — the section at which one fluid enters being the 
outlet for the other. 

Replacing w A in the previous equation by — w A and interchanging hi and t Ao , 
we have r / 1 1 \ 

t B = t Bi + ™ ASA{tm ~ tAn \ 1 1 .( 10) 

(w b s b -w a s a ) 

4 _ 4 , W B S B^'Bi~^An) , KA W A«J .. . 

tA - tAo+ rw B s B ~w A s A ) [ l ~ e j (11 > 
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In the design of heaters the inlet temperatures of both fluids are usually known, 
as is also the required outlet temperature, but, because of the difficulty of staying 
long tubes against vibration, it is not always possible to effect the required heat 
exchange by a single pass of two concentric tubes; hence the outlet temperatures 
per tube of both fluids are usually unknown. In this case equations ( 10) and (11), 
involving as they do t Ao , are not suitable for evaluating t A and t B . 



To eliminate tdo from equations (10) and (11), take the limiting case when A 
becomes A 0 , t B becomes t Bo and t A becomes t Ai . 

By (11), 

w n s u „ , J - ~ KA °{'”msb~ 

( w h s b~ w a 8 a ) 


whence 


^Ai — { Ao + (t/H ~ t-Ao) 


W B S B t m . KAo {w a si'w A ^) 

l Ai ~ ~ * 1 — e 


f Ao = 


(W B S B -W A 8 A ' 


1- 1 — e 
(w B s B -w A s A ) 


KA °{«>bS H v a 


\ Al 


.+ — (/I, ! l — e 
™a*a 




Wa8 


-KA 


LI L) 

t V A 8 A J 


A°A 


1 



374 


The Flow of Heat 


tdn — tfii 


1 W^S jj ^~ KJo (^B~yuZ) 


(hi ho) — 


By (13) in (10), 


1 WjjSjj V'a s a ) 

_ KA (1 L.\ 

\Wg 8 g «kW 


h — hi ~ ( hi ~ hi) 


By (12) and (13) in (11), 


h — hi ~ ( hi ~ hi) 


W n 8 n KAo (w B i s u> A s A ) 

1 c 


_ KA ( l L_V 

WjjSjj \Wb s B W A 8 a) 

Wj] S J> w A s a) 

1 — -e 


(14) 


The temperature difference at x is 

ka (JL M 

W U S D \w H s B w A sj 

1 " e 

(^B~^a) ~ fe* — t«) “7*1 T*\ 

WtjSij \Wb 3 b w j 8 a) 

1 

w a 8 a 

The rate of heat flow H for the complete tube is given by 

K f A « nil ( 1 ” fek'S^) 

^ ih~h) dA = —7-1 T\ e « 




1 u 


£f — w B s B {t m -t M ) 


WjjSg - KA {w b S,- W a8 ) 
j. “ “ ■ 6 


The logarithmic mean temperature difference is 

/* 4 1 ~ t Ao ) ~ (^Bo j Ai ) 
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Ex. Counter-flow cooler. 

A pre-cooler on an NH g refrigerator is of the double-pipe type; liquid NH # is cir- 
culated through the annular space between 2 and 1J in. pipes, whilst water passes 
through the inside pipe in the opposite direction to NH 3 . 

If the inlet temperature of the NH„ is 75° F. and of the water 55° F., and the bent 
double pipe is 10 ft. long, determine the heat flow in b.t.tt. per hr. if the liquids circulate 

at 6 f.p.s. overall coefficient of heat transfer K, K = 300, — — Take 

sq. ft. per hr. per °F. 

specific heats of ammonia and water as unity. Density of liquid NH S , 37-7 lb. per cu. ft. 

For standard 1| in. pipes, internal diameter = 1-38 in., 

external diameter = 1-66 in., 

For standard 2 in. pipes, internal diameter = 2 007 in. 

Internal area of 2 in. pipe =» 3-35 sq. in. 

External area of 1J in. pipe =» 2-16 
Annular area for flow =» I • 19 
Internal area of 1J in. pipe =* 1-495 sq. in. 

Mass flow of NU S = 11^^000 x 37-7 = 0730 lb. per hr. 

l •in*; v a v *4 Ann 

Maas flow of water = — ’ - x 02-5 = 14,000 lb. per hr. 


Outside area of pipe 


n x 1*66 
1 2 


x 10=^4*35 sq. ft. 


By equation (16), p. 374, 


H = 6730(75-55) 


300x4 35 / 0730 \ 

0730 V 1 14,000/ 


6730 
14,000 e 


300 x 4 35 r 
"6730 L 


0730 I 
14,00 OJ 


= 6730 x 20 


f 0 1007 

" 048 * 

c 6ioo7 


23,000 b.t.tj. per hr. 


Counter-flow and parallel -flow heat exchangers. 

Compare the surface areas required in the cases of parallel-flow and counter- 
flow heat exchangers, where the product of the mass flow and the specific heat k 
the same for both fluids, and the exchangers must exchange the same amounl 
of heat for the same inlet temperatures. Take K common to both. 

With w A $ A « w B 8 B9 equation (6), p. 372, reduces to 


ss WjiSn ^ m ~~ ^Ai ) 


2 KoAp 

1— w * 8 * 


(i) 
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Equation (16), p. 374, for counter-flow becomes indeterminate. To evaluate 
this, let 

w a s a = (w B a B +x). 


Then 


+ x 


J L_ = /_i 1 —)= — 

’b*b W A S A \ w b s b (w b s b +x)J w b s b (w b 8 b +x) 

/ 1 1_\ __ KAo'x 

. ~ A ° WB** V>A»J _ e * 


WjtSfiWjSj+X) 


e — = e 

Expanding the exponential on the right-hand side, and neglecting powers 
of x greater than 1, we have 1 • 

Hence, by (16), 


KA' 0 x 


H = w B s B (t Bi - t M ) 


W B 8 B (W B 8 B + X) 

K. 

WbSu( w b s b+ x ) 


KA' 0 x 


1- 


w B s B 


(w b 8 b + x) 

(t m -t M )KA' 0 x 


1- 


KA' 0 x 


w B S b( W B s B + X )f J 


X) — Wgfijj \ 1 


KA' 0 x 


( W B S B + X ) W B S B 


. u w B s B^Bi Pdi) 

. . n — . 


1 4 

KA' 

Equating (1) and (2) above, for the same heat exchange, 

2 Ko A a l 


W B S B (hu ~ ^Ai) 


2 


l_ e U>B8B 


W B S B {tui ~ tjj) 


1 + 


W B S B 

KA' 


2K 0 A o 

= 1 


■~ KoA ° = log e 

W B 8 B 


1 + 


W B S B 

KA n 


1 — 


1 + 


Wb* b 

KA' 


. A = 1 

.. A, 2 K 0 l ° Se ( 2 KA' 0 V 

V KA' + w B sJ 

Ratio of surface areas required = log e 


..( 2 ) 


2K 0 A' 0 


2 KA' 0 \ 

\ KAg + w B s B ) 
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Heat transmission from a surface to a fluid which flows with streamline 
motion. 

When a fluid flows very slowly over the surface of a solid the layer in immediate 
contact with the solid is stationary, and therefore heat flow through the layer 
must be effected purely by conduction, and the equation 

II = kA(T x --T z )/z, 

p. 362, should apply, h being the thermal conductivity and x the thickness of the 
fluid film. In practice the thickness x is difficult to measure and is not constant 
but depends upon the viscosity and velocity of the fluid. For convenience, 
therefore, the ratio (Jc/x) is replaced by a single variable which is known as the 
Film coefficient, the dimensions of which are B.T.tr./sq. ft. ° F. hour. 

With a small velocity and small rate of heat flow (so that convection is almost 
absent, and the physical properties of the fluid are sensibly constant) the pro- 
blem of heat flow from a surface into a fluid may be attacked mathematically. 

For a straight pipe of length L conveying w lb. of fluid per hour of specific heat 
C p and coefficient of conductivity k, direct analysis shows that the rate of heat 
flow involves the dimensionless ratio wC p /kL, which is known as the Graetz No. 

Now although the consideration of the transmission of heat to a fluid moving 
with streamline motion is mainly of academic interest (since in practice stream- 
line motion is difficult to maintain, and the rate of heat transmission is very small), 
yet the mathematical analysis discloses the significance of the dimensionless 
ratio, which, in occurring in the special limiting case, must surely also occur in 
the general equation of heat flow. 


Value of dimensionless ratios. 

The advantage of working with dimensionless ratios is that each ratio is 
independent of the system of units employed. So long as these are self-consistent 
the value of the ratio is the same, so we have an international language. By 
speaking in terms of this language it is possible to trace characteristic curves 
which demonstrate not only the performance of the apparatus from which they 
were obtained, but of any geometrically similar apparatus which may be sub- 
stituted for this. Hence the performance of full scale apparatus may be predicted 
from experiments on models, the range of application of any set of data may be 
very much widened. Experiments may be made on liquids to predict the behaviour 
of gases, and observational errors are easily detected by such a plot. 

Further, a curve which is to represent the complete relation between the 
quantities involved should have the same dimensions for ordinate as for abscissa, 
so that the function is virtually plotted against itself. * 


hD r /DG\ n t/G 9 u \ n * i 

* To justify experimentally the general equation — — \jc~ J j* P # ^ 

usual to plot log, (-—) abscissa and log as ordinate. If a straight line results 

A [hD j/C (DC 

the equation is justified, since this implies that -g- j j —a\^~ 


na \ * 
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In heat transfer problems confusion may be avoided by regarding heat and 
temperature as separate dimensions which are just as fundamental as those of 
mass, length and time. 

Specific heat is often referred to as a dimensionless ratio, but since the specific 
heat of water, in terms of which other specific heats are expressed, haB the 

dimensions 5^- , it follows that the specific heats of other substances 

Mass temperature 

must have this dimension also. 

The transmission of heat from a surface to a fluid moving with turbulent 
motion (forced convection). 

In the majority of cases of heat transfer which occur in industrial practice, 
heat is transferred from, or to, a fluid which flows as a whole in a pipe from a 
second fluid which flows as a whole either parallel to or normal to the axis of the 
pipe, the flow in general being turbulent. 



Fig. 193. 


In the steady state all the heat lost by the warmer fluid is received by the 
colder fluid, and in the heat transfer a number of thormal resistances, that are 
placed in series, have to be overcome (see Fig. 193). 

Under service conditions tubes will carry, on both inner and outer surfaces, 
a deposit of scale to which adheres a layer of stationary fluid. The effect of scale 
of course may be estimated by running a test on the heat exchanger before, and 
after, cleaning. 

Beyond the fluid layer is a buffer layer, which separates the laminar film 
from that moving with turbulent motion. 

The mechanical mixing created by turbulence of course considerably increases 
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the rate of heat transmission, since molecules of the moving fluid are continually 
brought into contact with the stationary film. 

Through the metal wall, the scale deposit and the stationary film, heat trans- 
mission is effected purely by conduction; beyond this the swirling molecules 
remove the heat mainly by convection. 

Even with smooth clean surfaces the film coefficient h, from the boundary 
surface into the fluid, is a very complex function of many variables, and although 
it varies widely for different fluids, yet the thermal resistance imposed by the 
fluid film is invariably much greater than that of the separating metal, so that 
in estimating the surface area required to transmit a definite quantity of heat the 
resistance of the plate itself is often ignored. 

It is evident that Forced convection of heat will depend mainly upon the 
degree of turbulence, for which Reynolds’ number VD\i r is a measure. 

V is the average velocity of the fluic(, D is the diameter of the pipe, and “F" the 
kinematic viscosity = p/p, where p is the coefficient of viscosity and p the density, 

VI) V pi) _ GD 

-r~ p ~ p' 

where G is the weight-velocity (Vp) in pounds per hour per square foot of cross- 
sectional area perpendicular to V. 

To allow for conduction, Prandtl introduced the dimensionless ratio C v pjk in 
place of wCp/kL, which was derived for streamline flow (p. 377). 

The eddies* created by a fluid on entering a pipe also increase the rate of heat 
transmission locally, and this is allowed for by introducing the ratio (D/L) n . 
With LID = 20, the film rate may be increased by 15 % compared with the value 
for LID = oo; with turbulent flow the effect of LID is negligible when its va.lue 
exceeds 60, and for streamline 180. 

On combining the Reynolds number, the Prandtl number, and the ratio 
LjD, the dimensionless product 



results, where n v n 2 and n 3 are indices to be determined by experiment. To obtain 
a relation between this product and the film coefficient h the film coefficient must 
be multiplied by a quantity so as to produce a dimensionless ratio. The most 
convenient quantity is Djk, whence 



where a is a constant to be determined by experiment. 

* Some makes of condensers to be employed on refrigerators fit ferrules carrying saw 
teeth at the entrance of the tubes to give turbulence to the circulating water. 
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W. H. McAdams, in his excellent book Heat Transmission (McGraw Hill 
Book Co.), gives the following values (p. 169): 

a = 0024, n x = O’ 8 , n 2 = 0*4. 

E. W. Still, in his paper “Some factors affecting the design of heat transfer 
apparatus’ 5 , Proc . Inst. Meek . Eng . 1936, gives the values 

a = 0-0255, = 0-8, n 2 = 0*4, w 3 = 0*05. 

Equation (1) gives very good correlation for turbulent flow of water, oil and 
gases when Reynolds’ number exceeds 6000. As a first approximation the 
physical properties of the fluid may be evaluated at the average temperature 
of the fluid. In the Prandtl number, however, which concerns conduction, they 
should be taken at plate temperature, and usually this is unknown. 


Overall coefficient of heat transfer U per tube.* 

The film coefficient h, given by equation (1), applies only to the transmission 
of heat from a surface into a fluid, and, although h represents the major resistance, 
when a plate receives radiated heat and transmits it to a fluid, yet by far the 
greater number of commercial heat exchangers transmit heat from a fluid to a 
fluid through a boundary surface or plate. Two film coefficients are therefore 
involved in addition to the coefficients which represent the resistance of the plate 
and scale, or corrosion deposits on its surface. 

For resistances placed in series it was shown on p. 366 that the heat flow was 
given by the equation 

T '- T ‘ 

4 + -a 

^ 1^1 

The film coefficient h is the equivalent of x/k , and, if we regard T x and T 4 as 
the average temperatures of the fluid, since these temperatures are the most 
easily measured temperatures, then 

T —T 

H = (Ti-TJUA = — 1 - 4 

— ~ 1 - -| T — — 

k x Ai h 2 A 2 h 3 A 2 

. ^ 1 a?! 

16- IJA = + \A t + h^A s ' 

In the case of radial flow through a curved surface let A { be the inside surface 
and A 0 the outside surface of the boundary and A x the mean area, then 


UA n h i A i + K 0 A i + k^' 

where U is the Overall coefficient of heat transmission. 


* In design work generous allowances should be made for the thermal resistance imposed 
by deposits of scale. 
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Overall coefficient of heat transfer V per heater. 

In a composite heater the performance of a single tube is of secondary import- 
ance compared with the heat transmitted by the whole of the tubes. An overall 
coefficient of heat transfer is therefore employed which is defined as the quantity 
of heat flowing per unit time per unit area of transfer surface, per unit overall 
difference in temperature between the hot and cold fluids. 


Ex. Obtain the overall coefficient of heat transfer for a condenser tube | in. outside 
diameter, ^g in. thick, if h for steam side, allowing for scale, is 1000 per sq. ft. of outer 
surface, h for water side = 1400, k = 65. 

UA 0 ~ h„A^ + hfA, i:A’ 

Per foot of tube A = nd, whence ' 

1 ___ 1 . d„ . 2rd„ _ j 1 f 2 x x 8 x I 

U h„h, d x + k(d, + d 0 ) f000 + 1400 x | + 65 x 12 x 1 1 ’ 

U = 5U B-T.tJ. 

hr. per °F. per sq. ft. of outer surface' 


Ex. Using the value of U obtained above, calculate the surface area required to 
condense 163,000 lb. of steam per hr. if 1000 b.t.u. have to be removed from each 
pound of steam. 

Temperature of cooling water at inlet = 50° F., at outlet 67° F.; vacuum 29 in.; 
condensate 70° F. 

Temperature corresponding to 1 in. absolute pressure = 80° F. 

From equation (10), p. 368, 


Mean temperature difference = 


(70 — 50) — (SO — 67) 



16*3°F. 


Heat flow " = 16*3 x 514^ = 163,000 x 1000. 


A = 19,430 sq. ft. 

Ex. Air heater. 

In a contra-flw air heater 300 lb. of air per hr. flow through a 2 in. bore pipe, the 
surface temperature of which may be taken as 500° F. The air entering is at 60° F. 
and sufficient surface must be provided for it to leave at 300° F. Determine the film 
coefficient for the air. 

Since the plate temperature is given, the physical constants in the Prandtl number 
may be evaluated from published curves.* 

u = 0-066 7.~~ , k = 0-013, C P = 0-24. 
r ft., hr. 

• flylL — ^ x _ j .018 

** k ~ 130 


* Mr. Adams , Heat Transmission ; E. W. Still, “Design of heat transfer apparatus”, 
Proc. Inst. Mech. Eng. vol. cxxxiv. 
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To obtain Reynolds’ number the average air temperature should be considered. 

Logarithmic mean temperature difference / goo — 60 \ ’ = 305 F. 

logf \500^30o) 

Hence average air temperature = 500 — 305 = 195° F. 

Referring to curves, /i = 0*05, 

300 

G = -yj— = 13,750 lb. per sq. ft. of pipe area per hr., 

GD 13,750 2 , co _ 

-^-~0«-*l2- 45 ' 830 ' 

T - Wiffu - 00*H^lS)«(45.850r. 

The film coefficient h = 0*024 x 0*078 x 1*08 x 5400 = 10 * 92 . 


Ex. Calculate the length of 2 in. bore, 2*38 in. outside diameter, steel pipe for which 
k = 35 required to heat 13,500 lb. of straw oil from 80° to 200° F., if the pipe is heated 
externally by dry saturated steam which is condensed at 225° F. Film coefficient 
for steam side = 2100. Employ the logarithmic mean temperature difference and take 
the physical constants at (225° — logarithmic temperature difference) mean values, 
C p = 0*47, specific gravity = 0*85, k — 0*078. 


Logarithmic temperature difference = 


(225 -80) -(225 -200) 
, / 225-80 \ 

loge (225-200/ 


= 68-4° F. 


Temperature at which to determine the physical constants (225 — 68*4) = 156*6° F. 

lb 

Referring* this temperature to a curve connecting fi and t gives fi — 15*0 , * . 

hr., it. 


Area of pipe 


Mass flow per sq. ft. of pipe area = O = 


7T X 2 2 7T 

4x144 ~l4i Sq ' tt * 
13,500 


n/1 44 ’ 


GD 

M 

C,/i 


! 3 ,500x 144 x 2 _ 6 gg 0 
7TX15 12 


By equation (1), p. 379 


0*47 x 15 
0*078 


= 90*4. 


~ = 0 024 




k ) 


04^8 xl2 = 0-024 (6880)°« (90-4)°-«, 
h = 001 122 x 1170 x 615 = 80-8. 


* McAdams, Heat Transmission, 
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7T x 2*38 

Outside area of pipe per ft. length = — — - — = 0-623, 

1 Jd 

7 T X 2*0 

Inside area of pipe per ft. length = — — — = 0-524. 


12 


By equation p. 380, 


1 

UA n 


• 7. A ‘ 1 


h t Ai h„A„ k x A x 


For a circular pipe, if U is based on the internal surface, the above equation reduces to 

1,L 1.1 . £l 

U 1 + 




i 


0-38 


80 : 8^2100b< 2-38 35 x 2-14* 


1 




TT = 0-017®, U = 55-9. 


Equating the two expressions for heat |bw gives 

13,500 x 0-47(200 - 80) = 68-4 x 55-9 x x L. 

1 2 * 


7 T x ; 


L = = 380 ft. 

1 T 
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1. Heat flow. 


EXAMPLES 


(B.Sc. 1939.) 


Three layers of material of uniform thicknesses d li d 2 , d z and thermal conductivities 
k l9 & 2 , & 8 , respectively, are placed in good contact. Deduce from first principles an 
expression for the heat flow through the composite slab per unit surface area, in terms 
of the overall temperature difference across the slab. 

A furnace wall consists of 9 in. of firebrick and 4*5 in. of insulating brick having 
thermal conductivities of 0*4 and 0*15 c.h.u. per sq. ft. per ft. per hr. per degree C. 
respectively. Calculate the rate of heat loss per sq. ft. when the temperature difference 
between inner and outer surfaces is 500° C. 


Arts. 


dij + d 2 f d - ^3/ ^3 


114*3 c.h.u. per sq. ft. per hr. 


2. Insulated steam pipe. 

A steam pipe 4 in. bore, 4f in. o.d., is insulated with a 3 in. layer of asbestos covering 
for which Jc = 0*1. Estimate the heat loss in b.t.u. per hr. per 100 ft. of pipe, if the tem- 
> perature at the inside of the covering is 350° F. and at the outside 100° F. 

Ana. 18,530. 
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3. Air heater* 

For process work 20,000 lb. of air are heated from 60° to 220° F. per hr. by a single 
pass multitubular heater in which steam is condensed at 240° F. around the 2 in. bore 
tubes. If O =s 10,000, determine the length and number of tubes required. 

Ans . 18*5 ft.; 92. 

4. Parallel and counter -flow heater. 

In a liquid to liquid heat exchanger a fluid A enters at 400° F. and leaves at 200° F. 
Fluid B enters at 100° F. and leaves at 150° F. Assuming the overall coefficient of heat 
transfer constant, determine the logarithmic mean temperature differences for parallel 
and counter-flow. Ans . 139-4; 164. 

5. Steam condenser. 

The surface condenser of a small steam engine consists of 75 brass tubes £2 in. O.D., 
3 ft. 2 in. long; and on trial 414 lb. of steam were condensed per hr. per 12,800 lb. of 
circulating water, which entered at 45° F. and left at 74° F. The temperature of the 
exhaust steam was 135-5° F., and that of the condensate 1 19° F. Determine the overall 
coefficient of heat transfer. Comment on the result. 

B T TJ 

Ans. 114 -rr * . — 1 5 ^=- . This value is small, so that the condenser is either 

sq. ft. per hr., per °F. 

fouled or too large for the duty. 

6. Steam condenser. 

An old rule for estimating the surface area required by a condenser for a reciprocating 
steam engine is to allow 2 sq. ft. of tube surface per i.h.p. developed. If the tubes are 
0*05 in. thick, compare the thermal resistance of the metal with the total resistance 
across the tube, k = 65. Ans. 1:11-3. 

7. Experimental condenser. 

An experimental condenser consists of an outer well-insulated tube 2 in. bore and 
6 ft. long, concentric with which is a brass tube £ in. o.d., 18 s.w.o. thick. Determine 
the rate at which dry saturated steam will be condensed if the water velocity is 10 f.p.s. 
Steam pressure, 50 lb. per sq. in. absolute; water temperature 15° C. Ans. 206-5 lb./hr. 

8. Copper firebox. 

Thq conductivity of copper is 215, that of steel 26, yet in practice a locomotive boiler, 
with a copper firebox, transmits only about 7 % more heat than a similar boiler having 
a steel firebox. Account for this apparent anomaly. 

9. Furnace wall. 

The combustion chamber of a water-tube boiler is lined with refractory bricks 5 in. 
thick for which k = 0-8; this is backed by 3 in. of insulating brick for which k =» 0-08, 
and the whole is encased in a £ in. steel casing for which k = 25. If the furnace tem- 
perature is 2000° F. and that of the steel 150° F., determine the radiation loss in B.T.tr. 
per sq. ft. per hr. Ans. 512. 
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STEAM CONDENSERS 

In the early part of the seventeenth century the few engineers* who existed were 
mainly engaged in making water suction pumps, and to their astonishment they 
found that, try as they might, the water could not be lifted more than 28 ft. The 
reason for this was explained by Torricelli, who started many others investigating 
the properties and applications of partial vacuums. Otto von Cuericke con- 
structed a piston machine which would mise over a ton, by using a hand pump for 
exhausting the cylinder. 

It was in 1 690 that Papin conceived the idea of using the condensible properties 
of steam for creating a vacuum beneath a piston which was rendered air tight 
by a film of water carried on top of the'piston — a method employed even at the 
present time. Papin was also aware of the possibilities of a high-pressure engine, 
but at that time the art of boiler making was not understood, so that the danger 
of an explosion was ever present in spite of the use of Papin’s safety valve. 
For many subsequent years therefore the use of a vacuum was depended on 
rather than increased pressure for the development of mechanical work. 

Thomas Newcomen of Dartmouth in 1712 originated the atmospheric engine 
using a vacuum from which all other reciprocating steam engines have been 
developed. 

In Newcomen’s engine (see Fig. 194) the cylinder was charged with steam 
obtained from a copper brewing pan, and into this water was sprayed so as to 
cause immediate condensation, and thereby produce a partial vacuum, thus 
allowing atmospheric pressure to raise the pump rods. 

The condensed steam and injection water gravitated down an eduction pipe, 
the outlet from which was turned upward and covered by a llap valve which in 
turn was surrounded with water so as to seal it against air leakage. With only 
this provision the engine made but a few strokes before coming to rest through 
“wind logging” of the cylinder by air released from the steam and injection 
water. 

As most of this air would collect in the induction pipe, on the down stroke of 
the piston, it only required the fitting of a non-return or “snifting” valve to 
allow this air to escape on the admission of steam. 

Newcomen was therefore the first to introduce the jet condenser and automatic 
air pump, although it was Watt who separated these organs from the cylinder, 
and later used a piston type of air pump.f 

* H. W. Dickinson, A Short History of the Steam Engine, Cambridge University Press. 

t Dickinson observes that the invention of the separate condenser was the greatest 
single improvement ever made in the engine. In addition to increasing the thermal 
efficiency of an engine good condensers maintain the feed water in a pure state. 


Whk 


«5 
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Types of modern jet condensers. 

There are two types of modern jet condensers, the Low level and the High 
level, or Barometric, type. 

(1) Low-level jet condenser. In this condenser (Fig. 195) the vacuum 
created by the air pump draws a supply of cold water into the condenser shell, 
down which it is sprayed into the midst of the steam. Rapid condensation envies, 
and the condensate and cooling water descend a vertical pipe to the extraction^ 
pump, which delivers the water to the hot well. 

The boiler feed pump returns some water from the hot well to the boiler, whilst 
the surplus water gravitates back to the cooling pond. 
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Since the boiler feed and injection water are intimately mixed in the hot well, 
it is obvious that jet condensers should only be employed on small power plants 
where a supply of cheap pure water is available. 

Further, since it is desirable to return the feed to the boiler as hot as possible, 
only sufficient water should be supplied to drop the temperature of the condensate 
to the saturation temperature corresponding to the desired vacuum. 



The capacity of the air pump is reduced by talcing the air pump suction from 
the coldest part of the condenser. In the contra-flow type (see heat flow, p. 369) 
the steam is directed upwards against the descending spray of water so that the 
Pooling of the air is most effective. 

Ex* A jet condenser is to maintain a vacuum of 28 in. when condensing 40,000 lb. of 
steam per hr., the temperature of the cooling water being 60° F. Estimate the quantity 
of cooling water required, in gallons per min., if 1000 b.t.u. have to be extracted from 
each pound of steam. 
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The saturation temperature corresponding to an absolute pressure of 2 in. Hg is 
101°F., and since one gallon of water weighs 10 lb. the heat removed per gallon 

= 10 [101 — 60] = 410b.t.tj. 


Gallons per min. 


40,000x1000 

60x410 


= 1625. 


In computing this quantity no allowance was made for water required to cool the 
air, or for a slight undercooling of the condensate, so that the vacuum could be more 
certainly maintained. 


(2) High-level jet condenser. By placing the condenser shell about 34 ft. 
above the hot well the extraction pump can be dispensed with, but at the expense 
of the provision of an injection pump, unless a supply of fresh water under pressure 
is available. 



Ejector condenser. 

The ejector condenser satisfies the requirement for producing a moderate 
vacuum from simple and cheap equipment. By discharging a smooth jet of cold 
water under at least 20 ft. head through a series of guide cones the steam and 
associated air are drawn in through the hollow truncated cones (see Fig. 197) and 
passed on to the diverging cone, where the kinetic energy is partly transformed 
into pressure energy so as to overcome the resistance of the atmosphere. 

A non-return valve is fitted on the exhaust inlet to prevent a sudden rush of 
water from the hot well into the engine in the event of rapid failure in the supply 
of injection water. 
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Surface condenser. 

If a sufficient quantity of circulating water is available, and initial cost is not 
of prune importance, the surface condenser has an important advantage over jet 
and ejector types in that the cooling water and condensate are kept separate, so 
that the condensate is directly available as an ideal boiler feed. 

In the most elementary form of condenser (Fig. 198) a large number of J in. 
o.d. tubes connect two tube plates which arc perforated to receive them. The tube 
plates are sandwiched between water boxes and the condenser shell which 
receives the steam. One of the water boxes carries a division which causes the 
circulating water to make two passes of the condenser tubes before being dis- 
charged. * 


(jOOUNG 



Fig. 198. Surface condenser. 

The steam enters at the top of the condenser, and in traversing the bank of 
tubes it is condensed, the resulting water and air associated with the steam being 
extracted from the bottom of the condenser where the temperature is lowest, 
so that the work of the air pump is reduced. 

To maintain a constant velocity of steam across the tubes,* and also — to a 
certain extent — to prevent undercooling of the condensate, the cross-section of 
many modern condensers resembles that of a pear, whilst in the Westinghouse 
condenser (see p. 497), the shell is circular and the air is extracted from the 
centre. 

Evaporative condenser. 

When water is expensive the quantity required to condense the steam may be 
reduced by causing the circulating water to evaporate under a small partial 
pressure. To effect this, evaporative condensers, of which Fig. 199 is an elementary 

* See heat flow, p. 379. 
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example, have been designed. These condensers consist of sheets of gilled piping 
which is bent backwards and forwards and placed in a vertical plane so that a 
descending spray of water forms a thin film over the pipes as it drips from one to 
the other. A natural or forced air current causes rapid evaporation of this film, 



with the result that the steam circulating through the inside of the pipes is con- 
densed. Frequently louvre boards are provided to shield the condenser from the 
direct rays of the sun, and prevent spray being carried away, and yet these boards 
should interfere as little as possible with the circulation of air. 


On account of the nuisance which would result from the production of oloudB 


of steam in a populated area, this type of 
condenser is restricted to small powers. The 
heat capacity of the gilled pipes enables the 
condenser to take heavy overloads for short 
periods without seriously affecting the vacuum. 

Edwards’ air pump. 

The feature of the Edwards’ air pump is 
the absence of inaccessible foot and bucket 
valves. This is effected by fitting a conical 
end (5) to the piston (4) (Fig. 200) and pierc- 
ing the base of the liner (3) with ports (6) 
which communicate with the air-pump suc- 
tion pipe down which the condensate gravi- 
tates. On the down stroke of the piston, a 
partial vacuum is produced above it, since the 
head valves are closed and sealed by water. 



Immediately the piston uncovers ports (6), onn ,, . 

, . , . . , ' ' Fig. 200. Edward’s air pump, 

air and water vapour rush mto the space 


above the piston; further motion of the piston causing its conical end to displace 


the condensate rapidly through the ports. The rising piston traps the water, 
air and steam above the piston, and raises the pressure to slightly over that of - 
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the atmosphere until head valves (1) open and allow the water vapour an air to 
pass to waste, and the condensate to gravitate to the hot well over the weir (8) 
which retains sufficient water above cover (2) to seal the valves against air leakage. 

A water-sealed relief valve (9) is placed in the base of the cylinder to release the 
pressure should it, for any reason, exceed atmospheric pressure. 

High-capacity air pumps. 

Inertia forces impose a strict limit on the speed of reciprocating air pumps, 
and they become very bulky for large powers or for high vacua; for this reason, 
rotary air pumps and steam air ejectors have been invented.* Prof. Maurice 
Leblanc invented a rotary type whidh is fairly widely used and resembles one 
stage of a radial flow steam turbine. ^ 

The revolving vanes project thin filfcis of water, at a velocity of about 130 f.p.s., 
down a collecting cone in which these|films act as pistons, the air being entrained 
between successive sheets of water. •[ 

Although the pump is charged wi$i water, it is intended to handle only air, 
the water and air being discharged through a diverging cone which raises its 
pressure to slightly greater than atmospheric. The water knd air pass on to a 
slightly elevated tank in which the water is cooled prior to its return to the pump. 

Vacuum corrected to 30 in. barometer. 

The vacuum in a condenser is usually expressed in inches of mercury, and 
represents the height at which a column 
of mercury, the upper surface of which is 
in communication with the condenser (see 
Fig. 201), will stand when supported by 
the prevailing barometric pressure. The 
vacuum depends upon the barometric 
pressure as well as upon the absolute 
pressure in the condenser, so that if the 
absolute pressure in the condenser is re- 
quired we must read both the vacuum 
gauge and the barometer and subtract one 
from the other. This is all that is usually re- 
quired in computations, but practical engi- 
neers are more familiar with vacuum than 
with absolute pressures, so for comparative 
purposes and reference to steam tables, the 
vacuum is usually referred to a standard 
30 in. barometer, whence 

Corrected vacuum (in in. of mercury) 

= 30 — Absolute pressure in condenser (in in. of mercury) 

= 30— (Barometric height — Vacuum). 

* See p. 498, steam turbines. 
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Ex. Vacuum corrected to 30 in. barometer. 


A vacuum of 27 in. was obtained with the barometer registering 29*2 in., and the 
condensate at 70° F. Correct the vacuum to a standard barometer of 30 in., and hence 
determine the partial pressure of the air and steam present, and also the weight of air 
associated with 1 lb. of steam. 

If the barometric pressure is raised to 30 in. without any change in absolute pressure 
in the condenser, then the mercury will rise to 27 + (30-29*2), i.e. the corrected vacuum 
will be 27*8 in. 

At 70° F. the pressure of dry saturated steam is 0*739 in. of mercury and the specific 
volume = 871 cu. ft. per lb. 

Total absolute pressure in the condenser = (30 — 27*8) = 2*200 in. 

Partial pressure of steam = 0*739 

Partial pressure of air = 1*461 in. 

By Dalton’s law the volume of air present per lb. of steam will be 871 cu. ft. at 70° F., 
and since for air pv = wRT , then, taking R as 53*2 in Fahrenheit units: 


1 -461 x 14-7 x 144 x 871 
Weight of air present per lb. of -steam w = - ^ x r )3 . 2(460 + 7()) " 


= 3-182 lb. 


Vacuum efficiency. 

The purpose of an air pump on condensers is to remove air from the condenser 
so that the total pressure in the condenser may approach the partial pressure of 
the steam corresponding to the condensate temperature. 

In a perfect condenser undercooling of the condensate, after condensation has 
been effected, should be absent, as should a pressure drop across the condenser 
tubes; so it is reasonable to regard the vacuum efficiency of the pump and con- 
denser as the ratio 

Vacuum produced at steam inlet to the condenser 
Barometric pressure — Absolute pressure of steam corresponding ’ ’ 

to the exhaust temperature 

Ex. Steam enters a condenser at 85° F., and, with the barometer standing at 29*3 in., 
a vacuum of 27*5 in. was produced. Determine the vacuum efficiency for these conditions. 
Absolute pressure corresponding to 85° F. = 1*209 in. Hg. 

, r • 27*5 x 100 

.*. Vacuum efficiency = 29.3 _1.209 = 979 %• 

The factors which affect this efficiency are given in the condenser trial, p. 399. 

Ex. Vacuum efficiency, mass of air per cubic foot of condenser volume, state of 
steam entering the condenser. (B.Sc. 1937.) 

What is meant by vacuum efficiency of a condensing plant? Briefly state the factors 
which may influence this efficiency. 

The following observations refer to a surface condenser: mean temperature of con- 
densation 34*9° C.; temperature of hot well 29*7° C.; condenser vacuum 27*6 in. Hg, 
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barometer 30*05 in.; weight of cooling water 10,020 lb. per hr.; inlet temperature 
16-82° C., outlet temperature 30-9° C.; weight of condensate 2598 lb. per hr. Find 

(а) The weight of air present per cu. ft. of condenser volume. 

(б) The state of the steam entering the condenser. 

(c) The vacuum efficiency. 

Barometric pressure = 30*05 

Vacuum = 27*6 

Absolute pressure in condenser — 2*45 in. Hg 

Partial pressure of steam at 34*9° C. = 1*655 
Partial pressure of air == 0*795 in. Hg 

But^v = wRT. 

Weight of air per cu. ft. of condenser volume 


0*795 


x 14-7x144 


29*92 
96(34-9 + 3*73) 


= 0 001903 lb. 


Heat entering the condenser per hoiir relative to 0° 0. with the steam pressure 
2*45 in. Hg 

= 2598 [42*06 + 572*] + 10,020 x 1 6*82. 

(In steam) (In cooling water) 

Heat leaving condenser per hour relative to 0° C. 

= 2598 x 29*7 + 10,020 x 30*9 + Vapour heat in air pump discharge 4* Radiation. 

Equating the heat entering to the heat leaving, and neglecting the small correction 
for the vapour and radiation loss 

* = 572 [ 25 ^ ’ X »g] = 0059. 

If the examiner had given 100,200 lb. of cooling water per hour the result would have 

been more reasonable and x — 0*928. 

v . 27*6x100 

Vacuum efficiency = } = 97-2 %. 


Coefficient of performance (c.o.p.) or efficiency of a surface condenser. 

The efficiency of a condenser cannot be defined as the ratio , since 

the meaning of output and input, in this case, is obscure. To formulate some 
standard of reference we must consider the purpose of a condenser, thus: An ideal 
condenser should only remove the latent heat of the steam. There should be no 
undercooling of the condensate.* Further, this condensation should be effected 


* Regenerative condenser. In a normal condenser the bulk of the steam is condensed 
by the first two banks of tubes, and in its passage to the bottom of the condenser over the 
succeeding banks the condensate is bound to be undercooled. In the regenorative condenser 
this undercooling is counteracted by causing the condensate to fall through steam supplied 
direct from the steam inlet before the condensate is removed by the extraction pump. The 
condensate is thereby reheated to almost its inlet temperature (see Fig. 273). 
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by using a minimum quantity of cooling water.* To satisfy this condition the 
outlet temperature t 2 of the cooling water should, theoretically, be equal to the 
saturation temperature t s of the steam corresponding to the vacuum required. 

In an actual condenser a certain amount of undercooling is necessary to main- 
tain the vacuum. If therefore the temperature of the condensate is t c and the 
inlet temperature of the cooling water t v and we take the specifio heat of water • 
as unity. 

The weight of circulating water required per lb. of steam condensed 

(I, 

* 9 *1 


In equation (1) the values of xL, t 8 and t x are fixed by the vacuum required and 
the source of the cooling water, and, for (1) to be a minimum, t c and t 2 must be as 
large as possible. Further, since xL is beyond the control of the condenser, this 
term may be omitted. With this modification, the value of the ratio is small, 
and since the performance of a machine is not usually considered high when 
the number expressing it is small, the ratio is inverted, giving 


C.O.P. 




.( 2 ) 


In an ideal condenser t c = £ s , whence the c.o.P. would become infinite. Now 
although refrigerating engineers have no objection to the use of an infinite C.O.P., 
yet condensing engineers prefer one of the order 1 to 1*2, and therefore they add 
10 to the denominator of (2), giving 


C.O.P. 




(t>~ic) + 10' 


.(3) 


where the temperatures are measured in degrees F. 


Ex. In the trial of a small condenser the cooling water entered at 45° F. and left at 
75° F. The vacuum produced was 24-5 in. with the barometer at 29-2 and the condensate 
leaving at 118*6°F. Determine the c.o.P., and comment on the value: 

Absolute pressure in exhaust = (29-2 — 24*5) = 4*7 in. 

If we ignore the partial pressure of the air in the exhaust pipe, then temperature of 
the steam = 131*6° F. 

75-45 « , 

c.o.P. - - 131 . 6 _ 118 . 6+10 - 1 3 - 

This value is rather high, the more usual value being in the region of 1 to 1*2. 

* N.B. Obviously the higher the outlet temperature of the cooling water the smaller the , 
temperature head across the first bank of tubes and therefore the greater the surface area 
required for condensation. A balance must therefore be struck between pumping costs and v 
initial cost. 
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Ex. Air-pump capacity. 

A surface condenser is to condense 50,000 lb. of steam per hr., and to a 

vacuum of 28 in. with a condensate temperature of 80° F. and barometer 30 in. The 
mass of air entering the condenser in lb. per lir. is given by the equation 


( 


Steam condensed in lb. per hr 
“2000 



and the volumetric efficiency of the air pump is 80 %. Determine the swept volume of 
the pump in cu. ft. per min. to remove both the air and condensate. 


The dry air to be extracted per hr. = £ = 28 lb. 

The pressure of dry saturated steam at 80° F. is 1 -029 in. Hg and the specific volume 
637 cu. ft. per lb. 


Partial pressure of air 
Specific volume of air 


< 

;= (2-1-029) 

i 

30 x 540 


= 0-971 in. 

0-971 x 492 Xl 239 = 420 Cuft -P erlb - 


Air to be removed per min. 
Condensate to be removed per min. 


420 x 28 
: " 60 

50,000 x 0-016 
60 


= 196 cu. ft. 


= 13-33 


209-33 cu. ft. 


Swept volume : 


209-33 

0-8 


= 261 3 cu. ft. per min. 


Ex. Air-pump capacity and quantity of circulating water required. 

A steam turbine used 100,000 lb. of steam per hr., which it exhausts at a dryness of 
0*9 into a condenser fitted with water extraction and air pumps. With the barometer 
at 30 in. the vacuum at the air-pump suction is 28-3 in. and the temperature 32° C. The 
air leakage is estimated at lib. per 10001b. of steam condensed. Estimate the net 
capacity of the air pump in cu. ft. per min. and the quantity of circulating water 
required in gallons per min. if the temperature rise is 15°. 

Total pressure in condenser = 1*7 in. Hg 
Partial pressure of steam = 1-399 
Air pressure == 0*301 in. Hg 

Air leakage = TooiJxiS) = 1 666 lb * P® r min - 

From the equation pv = wRT, the volume of air to be extracted per min. 

1-666 x 96 x 305 x 30 * 


144 x 0-301x14-7 
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Total heat per lb. of steam at 1-7 in. Hg = (35*4+0*9 x 577) = 554*4 
Sensible heat in condensate = 32*0 


Heat extracted per lb. 

.\ Circulating water per min. ~ 


100,000 X 5224 
60 x 10 x 15 


= 522*4 

= 5810 gallons per min. 


N.B. The actual quantity would be slightly less than this, Since 2316 cu, ft. of steam 
at 32° C. are removed with the air. 


Ex. Condensation in air cooler and capacity of air pump. (B.Sc. 1936.) 

A surface condenser, fitted with separate air and water extraction pumps, has a 
portion of the tubes near the air-pump suction screened off from the steam so that the 
air is cooled below the condensate temperature. The steam condensed per hr. is 5000 lb. 
and the air leakage is 4 lb. per hr. The inlet temperature of the steam is 38° C., the 
temperature at entrance to the air cooler is 37° C. and at the air-pump suction is 31° C. 
The properties of steam at these temperatures may be taken as follows: 


Temperature, °(J. 

38 

37 | 

31 

Vapour pressure, in. Hg 

1-04 

1*84 

1-32 

Specific volume, cu. ft. per lb. 

344 

365 

500 


Assuming a constant vacuum throughout the condenser, find 

(a) The weight of steam condensed in the air cooler per minute. 

(b) The volume of air to be dealt with by the air pump per minute. 

First we must obtain the partial pressure of the air at entrance to the condenser in 
order to calculate the total pressure which is assumed constant throughout the con- 
denser. 

Since the question says that 5000 lb. of steam arc condensed per hr., this will be the 
dry saturated portion of the exhaust, and associated with this steam at 38° 0. are 4 lb. 
of air. The wet steam entering the condenser will exceed 5000 lb. by the weight of the 
suspended water, and the steam removed by the air pump. The latter weight will be 
small. 

Total volume of dry steam per hr. = 5000 x 344 cu. ft. 

By Dalton's law, the associated air will displace an equal volume, whence, from the 
equation pv = wRT, the partial pressure of the air will be 


1 l“4x 96(273 + 38)1 30^ 

1 44 L 5000 x 344 J X 14-7 


= 0-000985 in. 


Partial pressure of steam at 38° C. = J *940 

Total pressure in the condenser = 1*940985 in. 

Initial pressure of steam at entrance to air cooler = 1* 840 
Partial pressure of air = 0*100985 in. 


Hg 


Hg 

Hg 


The volume of the air entering the cooler may be computed from the equation 


V i«i 

T x 


P?3 
' t;- 


0 000985 310 5000 x 344 
0-100985 X 311 X 60 


= 278 cu. ft. per min. 


60 
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Mass of steam associated with this air and which is partially condensed in the air 
278 

cooler = ~ = 0-762 lb. 

366 

Partial pressure at air-pump suction = (1-940985 — 1-32) = 0-620985 in. 

Volume of air to be dealt with per min. by air pump 

0-000985 x 5000 x 344 304 „„ „ 

0-620985 x 60 * 3 1 1 ~ 44 4 cu ' 


44*4 

Weight of steam associated with this air = - - = 0*0889. 

5(M ) 

\ Weight of steam condensed in air cooler per min. = (0*702 — 0*0889) = 0*6731 lb. 


Ex. Air entering a condenser. 

The temperature at the steam inlet to a condenser was 122°F. and that in the air- 
pump suction 95° F. With the barometer at 30 in. the vacuum was 20-2 in. of Hg. 
Obtain the weight of air entering the condenser per lb. of exhaust steam if the heat 
rejected to the cooling water was 710 n/P r u. per lb. of steam. 

Barometric pressure = 30 in. Hg 

Vacuum =. 20-2 

Absolute pressure in condenser = 3*8 

Partial pressure of steam at 122° F. = 3*035 
Partial pressure of air = 0-105 

Heat removed per lb. of steam entering the condenser, neglecting the air, 

= (122 -95+:»x 1023) = 710 b.t.it. ^ = 0*000. 

Specific volume of dry steam at 122°F. — 192*8; actual volume, neglecting the water 
is suspension, = 0*606 x 192*8 = 128*8 cu. ft. per lb. 

Specific volume of air at 0*165 in. Hg and 122° F. 

29*02 582 

— 12*39 x~ r x . - = 2654 cu. ft. per lb. 

0*105 492 

Weight of air associated with 1 lb. of steam entering the condenser 

= ‘-*.5 « 0*0486 lb. 

2054 


Ex. Air leakage into a condenser. 


(B.Se. 1924.) 


In the condensing plant of a steam turbine the following observations were made 
before and after a leakage of air into the exhaust pipe was stopped: 


Vacuum, inches of mercury 
Temperature of air-pump suction 
Weight of steam condensed, lb. per hr. 

Piston displacement of air pump, cu. ft. per min. 
Barometer, inches of mercury 


Before 

After 

28-06 

28-81 

18° 0. 

25° C. 

6500 

6200 

92-5 

42-6 

30-1 

30-1 
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Es tima te, from these data, the reduction in air leakage in lb. per hr. effected by the 
repair. 

Before After 

Vacuum corrected to 30 in. barometer = 27*96 28*71 in. 

Total absolute pressure = 2*04 1*290 

Partial pressure of steam = 0*609 0*933 

Partial pressure of air = 1*431 0*357 in. 

96 x (273+ 18) 

Specific volume of air before stoppage = = 276 CU * ft ’ per lb ‘ * 

Specific volume of air after stoppage = q 44 = cu * P er 

Specific volume of steam at 18° C. = 1044 cu. ft. per lb. 

Specific volume of steam at 25° C. = 698 cu. ft. per lb. 

Mass of steam associated with each lb. of air: 

276 

Before stoppage = tttjt = 0*264 lb. 


1132 

After stoppage ^ 698 

Specific volume of condensate at 18° C. = 0*01603 cu. ft. per lb. 
Specific volume of condensate at 25° C. = 0*01607 cu. ft. per lb. 


Let w be the weight of air removed in lb. per hr., then, if the air pump handles both 
water and air, 

wx 276 + (6500 - w x 0*264) x 0*01603 = 92*5 x 60; 


whence weight of air removed in lb. per hr. before the leak was 

stopped = 19*72 lb. 

After stoppage w x 1132 + (6200 — wx 1*624) 0*01607 = 42*6 x 60 

whence weight of air removed in lb. per hr. after stoppage = 2*16 5 

Reduction in air leakage = 17*555 lb. per hr. 


Condenser trial. 

(1) Preliminary. When testing condensers we are dealing, at the steam inlet* 
with small partial air pressures, and unless the vacuum gauge and all the thermo* 
meters used in the trial are very accurate, the results of the test may be very 
misleading and erratic. Moreover, the bulbs of the thermometers should be 
directly exposed to the fluid, the temperature of which is to be measured. In the 
extraction pipe one thermometer should be employed for the air, and one for 
^he water. 

The pressure head to circulate the water through the condenser may be mea- 
sured by an air gauge,* and the quantity of circulating water by a notch or 
Venturi meter, calibrated by direct weighing of the hot water. 

(2) Apparatus. The apparatus used in this test was a rectangular condenser 
3 ft. 6 in. between the tube plates, 24 in. high and 18 in. broad, containing 140 

* The air gauge reading is indicative of the rate of flow of the circulating water* so the? 
condenser itself may be used to meter the circulating water. 
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tubes J in. bore, 1 in. pitch. G auges and thermometers were placed in the positions 
indicated in Fig. 202 and the quantity of circulating water was controlled by a 
valve. 

The 6 in. bore, 6 in. stroke Edward’s air pump was driven by a variable speed 
D.C. motor, and, to vary the temperature of the condensate handled by this pump, 
a live steam connection was fitted in the base of the condenser. 

Exhaust ^ 

Steam 

Air Gauge 
^ — Manometer 



Fig. 202. Diagrammatic arrangement of condensing plant. 


Procedure during the tests. 

Since a steam condenser should produce the required vacuum, when receiving 
steam at the full economical load on the engine, it is obvious that the condenser 
trial should be run for this condition, as a reduction in load will improve the 
performance of the condenser. 

With the engine running at its designed load and speed the variables connected 
with the condenser were altered in the following order: 

(1) Air-pump speed. 

(2) Circulating water outlet temperature. 

(3) Air leakage into the condenser. 

(4) Condensate temperature. 

Test No. 1 . The effect of pump speed was directly observable on the vacuum 
produced, and the amperes consumed by the motor, so, as a check on the precision 
with which the trial was being conducted, these quantities were plotted on a base 
of pump speed. 

Later the derived curves were also plotted on this case (see Fig. 203), and, as 
would be expected, the vacuum efficiency increases with speed, but the volumetric 
efficiency is reduced. 






(False 2c*o) 
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Test No. 2 . It would appear that for this condenser some relation should exist 
between the outlet temperature of the cooling water and the temperature of the 
condensate; so these quantities, together with the motor current and the pres- 
sure to circulate the water, were plotted, during the trial, on a base of outlet 
temperature. The derived curves are shown in Fig. 204, from which it will be 
seen that the C.O.P. increases directly with the outlet temperature (see equation 
(3), p. 394). 

Since the condenser is not of the regenerative type, the air-pump side of the 
plant is not influenced by the outlet temperature of the cooling water. For t.hia 
and subsequent trials the air-pump speed was maintained constant at 176 r.p.m., 
since, at higher speeds, there was a danger of the cut out operating on the motor. 



Fig. 205. 

Test No. 3. The condenser vacuum was varied by an air bleed cock fitted on 
the condenser shell. 

Obviously the greater the air leakage the greater the power required by the 
air pump, so that a useful check during the trial is to plot motor current on a 
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base of vacuum. Further, since a film of air reduces the overall heat conductivity 
of a tube, the condensate temperature should rise with a reduction in vacuum 
since less heat is removed by the circulating water. 

The vacuum efficiency increases to a maximum, and then declines, owing to 
insufficient capacity of the air pump . The progressive increase in exhaust tempera- 
ture with a reduction in vacuum is mainly responsible for the change in the c.o.p. 



Fig. 206 . 

Test No. 4. The condensate temperature was altered by turning on live steam 
to the base of the condenser. In a way this was undesirable, as it altered the mass 
of condensate handled by the air pump. From an experimental standpoint it 
would have been preferable to have plugged tubes, but to keep removing and 
replacing condenser doors during a trial is a practical impossibility. The quantity 
of exhaust steam and circulating water could, of course, have been varied. 

The air pump is the first organ to feel the effect of a change in condensate 
temperature, so that the vacuum produced should be plotted on a base of con- 
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densate temperature to check the observation during the trial. Later the derived 
curves should be plotted on the same base (see Fig. 206 ). 

From the expression for c.o.p., an increase in condensate temperature pro- 
duces an increase in c.o.p. , and this is verified experimentally. As would be 
expected, the hot condensate reduces the vacuum efficiency of the air pump. 

EXAMPLES ON CONDENSERS 

1. Injection water for jet condenser. , 

Determine the weight of injection water per lb. of steam condensed if the exhaust 
steam is at 2 lb. per sq. in. and lias a dryness of 0-9. and the temperature of the injection 
water at inlet is 20° C. Allow 5° C. of undercooling. Ans. 18-9 lb. 

2. Air pump for jet condenser. y 

Determine the capacity of an air pump ip cu. ft. per min. for a barometric jet condenser 
which is to condense 8500 lb. of steam pejr hr. when supplied with 650,000 lb. of water 
per hr. which contains 5 % by volume of^dissolved air at 15° C. The air in the exhaust 
steam amounts to 5 lb. per 10,000 lb. of steam, and, with the barometer at 30 in., and 
the volumetric efficiency of 80 %, the air pump must maintain a vacuum of 26*5 in. 
when the extraction pump suction is 35° C. Ans. 210 cu. ft. per min. 

3. Vacuum correction to 30 in., air pressure in condenser, etc. 

The vacuum in a condenser is 28-9 in., the barometer standing at 30*2 in. The tem- 
perature, measured at a given point inside the condenser, is 81*9° F. If the pressure of 
saturated steam at this temperature is 0-540 lb. per sq. in., what is the pressure of the 
air in the condenser at this point? (1 in. of mercury = 0-491 lb. per sq. in.) 

If 0*082 lb. of air enter the condenser per sec., and it is cooled to 78° F. on its way to 
the extraction pump, find the volume of air to be extracted per sec., given the equation 
pv = 53*2 T. 

Describe, with the aid of sketches, some form of air extractor suitable for dealing with 
large volumes of air. Am. 0*098; 100 cusec. 

4. Swept volume of air pump. 

An air pump is to give a 26 in. vacuum with a discharge temperature of 45° C. Ratio 
air/steam by weight in the exhaust is 0*066. Assuming no leakage, slip or clearance, find 
the volume swept by the pump per unit volume of water discharged. Barometer 30 in. ; 
density of air = 0*08 lb. per cu. ft. at n.t.p. 

Ans., allowing for steam removed by air pump, 1638 cu. ft. 

5. Capacity of dry air pump and circulating pump. (A.M.I.M.E. 1937.) 

Describe briefly, with the aid of a sketch, any one type of condenser air pump. 

A surface condenser maintains a vacuum of 28-4 in. of mercury, barometer 30*2, and 
deals Vith 700 lb. of steam per min. which, on entering, is 0*87 dry. The air leakage into 
the system is at the rate of 0*4 lb. per 1000 lb. of steam. The condensate temperature 
is 88° F. (30° C.). The circulating water undergoes a rise of 36° F. (20° C.). Determine 
the weights per min. to be dealt with, respectively, by the dry air pump and the cir- 
culating pump. Take gas constant for air as 96 ft. lb. per ° C. 

Ans. 0-28 lb. of air; 17,600 lb. of water; 0*394 lb. of steam. 


26*2 
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6. Tube cross-sectional area and surface area, power of circulating pump. 

(A.M.I.M.E. 1938.) 



Describe briefly, with the aid of sketches, the main features of a two-flow surface 
condenser. , 

A condenser of this type maintains a vacuum of 27*8 in. of mercury, barometer 
30*1 in., when dealing with 45,000 lb. of steam per hr., entering 10% wet. The con- 
densate temperature is 90° F. (32*2° C.). The rise in temperature of the circulating water 
is 45° F. (25° C.) and the pressure head required to force the water through the con- 
denser and piping is 25 ft. Determine the flow area required for a water speed of 220 ft. 
per min.; the total cooling surface necessary for an average heat transmission rate of 
13,500 jb.t.xt. (7500 c.ii.tj.) per sq. ft. per hr., and the circulating pump power if the 
efficiency is G5 %. Ans. 1*145 sq. ft. ; 3150 sq. ft.; 18*4 h.p. 


(B.Sc.) 

7. The temperature of the steam entering a surface condenser is 50° C. and the tem- 
perature of the air-pump suction is 45° C. The barometer reading is 29*8 in. of mercury. 
Find 

(a) The condenser vacuum. 

(b) The vapour pressure and the air pressure near to the air-pump suction. 

If the effective capacity of the air pump, on suction stroke, is 300 cu. ft. per min., 
find the weight of air entering the condenser per min., and the weight of steam carried 
over per min. in the air discharged from the air pump. Assume that for air pv = 96T 7 . 

Ans . 26*1 6 in., neglecting r.P. of air ; 2*82 and 0-82 in. of mercury ; 0*57 1 lb. per min. ; 
1*227 lb. per min. 


8. Volumetric efficiency of air pump. (B.Sc. 1929.) 

Describe briefly, with sketches, some form of surface condenser. The steam con- 
sumption of a turbine installation is 80,000 lb. per hr., the quantity of air leaking in is 
48 lb. per hr., and the total swept volume of the air pumps is 550 cu. ft. per min. Find 
the volumetric efficiency of the air pump when the temperature in the air-pump suction 
pipe is 24*5° C. and the vacuum is 28*5 in., with the barometer at 30*3 in. Take R for 
air as 96. Ans. 65*3 % . 


9. State of steam entering the condenser. Weight of air per cu. ft. of condenser 
volume. (B.Sc. 1931.) 

State the law of partial pressures and show how it applies to the condenser of a steam 
plant. 

The following observations were made on a condenser plant in which the temperature 
of condensation was measured directly by thermometers. The recorded condenser 
vacuum was 28*1 in. of mercury and the barometer read 30*2 in. Temperature of con- 
densation 33° 0. Temperature of hot well 27*6° C. Weight of condensate per hr. 3935 lb. 
Weight of cooling water per hr. 126,700 lb. Inlet temperature 8*51° C., outlet tem- 
perature 26*24° C. 

Find the state of the steam entering the condenser and the weight of air present per 
cubic foot of condenser volume. Ans . 0*978; 0*001482 lb. 
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10. Vacuum efficiency and coefficient of performance. 

Develop rational expressions by which the performance of a steam condenser and its 
air pump may be measured. Apply these results to the case of a condenser in which the 
cooling water enters at 55° F. and leaves at 70° F. 

Vacuum in the exhaust pipe = 29-1 in. Hg, temperature = 78° F., condensate tem- 
perature = 70° F., barometer 301 in. Ans. Approximately 1 ; 0*835. 

1 1 . The dryness fraction of steam , and steam associated with air in a condenser . 

(B.Se. 1940.) 

A condenser receives wet steam at an absolute pressure of 1 lb. per sq. in. The rate of 
flow of cooling water is 2500 lb. per min., and the rise in temperature is 18° C. The weight 
of air entering the condenser is 40 lb. per hr., and the condensate discharge is 5200 lb. 
per hr. The temperature at the condensate and air extraction pipes is 3(>° C. Assuming 
a constant pressure of 1 lb. per sq. in. throughout the condenser, find 

(a) The weight of steam discharged to the atmosphere by the air pump, in lb. per hr. 

(b) The dryness of the steam entering the condenser. Ans. 151*4 lb. per hr.; 0*9. 

12. Show that as the vacuum is increased the required capacity of the air pump 
increases very rapidly as the theoretical maximum vacuum is approached. 

13. Describe, with sketches, a modern type of condenser for producing a high vacuum. 

How is undercooling and the capacity of the air pump reduced in this type of con- 
denser? Ans. Sec turbine notes. 

(B.Se. 1933.) 

14. Describe in detail the various methods used in steam power plants to obtain the 
highest possible vacua. 

Discuss the factors which may influence the efficiency of a condensing plant. 

(A.M.I.M.E. 1938.) 

15. (a) Give a sketch and description of a surface condenser of a form suitable for high 
power and high vacuum. Attention should be given to the main details and the pump 
connections. 

(b) Describe carefully, with adequate sketches, a modern type of air pump for a 
large condenser operating at high vacuum. Emphasise the special features and advan- 
tages of the type chosen. 

(A.M.I.M.E. 1930.) 

16. Make neat sketches of a steam- condensing plant showing sectional views of (a) a 
condenser with two water passes and (b) an Edward’s air pump. 

THE DISSIPATION OF HEAT FROM STEAM CONDENSERS 

If a natural supply of water is available from a river, a mine, or from the sea, 
it is best to employ this natural source rather than cool the cooling water by 
exposing it to an air stream. 

However, circumstances often arise where the water is unsuitable, or the supply 
very limited, in which case the cooling water must be cooled by spraying it down 
a tower, through which air circulates, or by spraying it directly into the atmosphere 
over the surface of a spray pond. 
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Cooling towers.* 

In the types illustrated in Figs. 207 and 208 the hot circulating water is pumped 
up to troughs, which are placed at about 30 ft. above the ground. 

Nozzles, situated in the bottoms of the troughs, project the water on to spray 
cups, which thin out the jets of water into sheets. These sheets break up under the 
action of gravity and hurdles, which deflect the water towards the outside of 
the tower. 

Most cooling towers are provided with chimneys, the purpose of which is to 
create an upward current of air, although, in restricted places, fans are sometimes 
employed. Fans are also used in the tropics, where the air and water temperatures 
are so little different, that a reversal of air current might occur if natural draught 
were depended on. 

Prior to being returned to the condenser the cooled circulating water collects 
in a pond, over which the cooling tower is built. A pond of ample proportions is a 
valuable asset in that it acts as an efficient regulator between high and low loads, 
and permits advantage to be taken of the lower night temperature. 

Kinds of towers. 

There are two main types of towers: 

(1) The rectangular timber tower. 

(2) The ferro-eoncrete hyperbolic tower. 

Fig. 207 illustrates a form of timber tower which is widely used. The dimensions 
indicated should not be oxeeedod for the reasons given on the sketch. 

Apart from initial cost, the timber tower is inferior to the concrete tower. The 
following are the main disadvantages of timber towers : 

(1) Life only 12 to 15 years and the maintenance costs are high. 

(2) If some of the shell boards break away, the draught is impaired. 

(3) When a tower is laid up for repairs, there is a grave risk of fire. 

(4) The towers offer a considerable obstruction to the wind, and, where a 
battery of towers is employed, the draught to some towers may be impaired by 
the presence of others. 

Hyperbolic towers (ferro-concrete). 

With a view to eliminating the shearing stresses which exist in cylindrical 
towers, Eiffel introduced the hyperbolic type, which maybe generated by straight 
lines, so that straight shuttering boards may be employed in its construction. 
The additional advantages of this type are 

(1) The air is directed to the centre of the tower. 

(2) The enlarged top of the tower allows water to fall out of suspension. 



* “Cooling towers”, West of Scotland Iron and Steel Institute. 
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(3) There are no point loads on the foundations. 

(4) The shape allows better distribution of the air, when a battery of towers 
is employed. 

(5) Wide variation in load is possible, and about 200 gallons of water can be 
cooled per hour, per sq. ft. of surface, compared with 100 gallons in the timber 
type. 

(6) Maintenance costs are much lower than with the timber type. 

Tn this type of tower the spray nozzles are fitted in the bottoms of ring troughs 
which are supplied with water by radial troughs. 

Spray cooling ponds. 

The chief points to be studied in dealing with spray cooling ponds are 

(1) The cost. 

(2) The loss of water. 

(3) The effect of varying w eather conditions. 

(4) The type of spray, and the pressure difference to produce it. 

Since cooling is effected mainly by evaporation, it is important that a large 
surface of water is exposed. 

The act ual operation of cooling is very complex, 
particularly when the water is in the form of 
drops. First heat is transmitted by convection, 
then there is evaporation over the whole surface 
of the drop, and this is so intense that evaporation 
will proceed even when the air is so saturated that 
evaporation will not take place from a plane sur- 
face. On account of this it is important that the 
nozzle should produce a spray rather than a sheet 
of water. 

The “Jarway” spray nozzle (Fig. 209) is very 
satisfactory for this type of work, in that the 
water is projected in a thin horizontal sheet which 
ultimately breaks up into drops. As the sheet is horizontal the loss by windage is 
small, and the wddth of the spiral slot, through which the water is discharged, is 
adjustable for load and climatic conditions. 
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Fig. 209. “Jarway” spray nozzle. 



CHAPTER XIV 


THE THEORY OF THE STEAM TURBINE 

From the early days of the reciprocating engine many attempts have been 
made to develop power from steam without the necessity of the reciprocating 
mechanism , i.e. a purely rotary engine was desired which would operate in a similar 
way to water wheels or windmills, and where a minimum number of parts 
would be in mechanical contact. 

The first rotary engine was made by Hero of Alexandria in a.d. 50, in which a 
hollow ball was mounted between two pivots. 

One pivot conveyed steam from a cauldron 
placed beneath the turbine, and the steam 
from the ball passed radially along two con- 
verging tubes that finally discharged it tan- 
gential to the circle in which the nozzle 
revolved. 

The change of momentum of the steam, as 
it issued from the nozzle, caused a reaction 
on the radial tube, and in that way initiated 
rotation. The modern version of a similar tur- 
bine is “the firework— a Catherine wheel”. 

Because this turbine depends entirely upon 
the reaction of the jot for the development 
of power, it is known as a pure reaction 
turbine. * 

In the other type of turbine the steam is 
discharged from a stationary container on to 
a system of revolving vanes that deflect it 
through an angle. The resulting change in momentum involves an impulse on 
the wheel from which the turbine derives its power, and also its name. 

Giovanni Branca, in 1629, devised the first Impulse turbine; see Fig. 211. 

The principle on which modern turbines operate. 

. In most modern turbines steam is allowed to expand in stationary nozzles or 
blades, where it acquires a high velocity. These jets of high-velocity steam are 
then directed on to a ring of blades which are free to revolve. 

In the impulse turbine the moving blades merely deflect the steam through an 
angle, whereas in the so-called reaction turbine the passages between the blades 
are ma de convergent to control the rate of increase of the velocity of the steam 
consequent on a pressure and heat drop through the blading. 

* See example “Hero’s turbine”, p. 852. 



Fig. 210. Horo’s turbine. 
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The change in velocity, whether one of direction, of magnitude or of both, 
involves an acceleration, and in order to accelerate a mass a force is required; by 
allowing this force to move through a distance — as in the case of the moving 
blades — work is done. 

Advantages of the turbine over the reciprocating engine. 


(1) Much higher speeds may be developed, and a far greater speed range is 
possible than in the case of the reciprocating engine (see p. 23G). 



Fig. 212 . Comparison between the work done by a quadruple expansion steam engine 

and a steam turbine. 

(2) Perfect balance is theoretically possible. 

(3) A turbine is able to convert into useful work the energy in the steam up to 
almost the lowest limit imposed by nature, viz. the cooling water temperature, 
and its corresponding vapour pressure. 

Fig. 212 shows a comparison between a quadruple expansion engine and a 
turbine. The black area represents the additional work which the turbine can 
develop for the same initial steam conditions. 

(4) Turbines allow an enormous concentration of power, and the materials of 
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construction are used to their best advantage. In fact, when properly designed 
and constructed, the steam turbine is the most durable prime mover on earth. 

(5) Unlike the reciprocator the steam consumption of the turbine does not 
increase with years of service. 

Simple-impulse turbine. 

Few mechanisms known to engineers call for such great care in design and con- 
struction as the elements of a steam turbine, and it is due to the pioneer work of 
De Laval, ltateau and 8ir Charles Parsons that successful turbines have resulted. 


CaSINi 


Spherical 

Seated 

Bearing 


Turbine Disc 
Blading 


Fig. 213. De Laval turbine. 

By mathematical analysis De Laval developed a simple machine (in 1889) 
which revolved at the phenomenal speed of 30,000 r.p.m. and handled steam 
moving at about 2000 m.p.h.* 

Fig. 213 illustrates De Laval’s turbine, which consists of 

(1) Nozzles in which the steam acquires a high velocity. 

(2) Blading which receives the high-velocity steam directed on to it by the 
nozzle, and turns the steam through an angle. 

(3) A disc of special shape to support the blades, and to withstand the intense 
stresses induced by the centrifugal force on its own material and that of the 
blading. 

(4) A flexible shaft that can take up its own position of stability without 
causing vibration, and which supports the disc and transmits the power developed. 

* James Watt realised the phenomenal speed which would have to be attained by a single 
disc turbine, and therefore he felt that it could never rival his reciprocating engine. Apart 
from the disability of high speed, leakage and friction losses, with high-pressure steam, 
cause the thermal efficiency of H.r. turbines to bo less than of reciprocating engines. 
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(5) Spherical-seatcd bearings which allow the shaft to flex freely. 

(6) Helical gearing which reduces the high rotational speed of the disc to a 
practical value without undue noise or friction losses. 

(7) A casing which prevents leakage of steam to the atmosphere and permits 
the nozzle to discharge into a vacuum, thereby increasing the heat drop and 
reducing friction losses. 

Although the original machine was a triumph for mathematics, it suffered from 
many defects which made it compare unfavourably with reciprocating engines. 
From a user’s standpoint the principal defect was the high steam consumption 
due to 

(а) The high velocity with which the steam left the blades, the corresponding 
kinetic energy being wasted. 

(б) Friction and fan loss on the blades due to the use of high steam and blade 
speeds and to few and incorrectly shaped nozzles. 

Velocity compounding. 

Velocity compounding has for its object the recovery of the residual kinetic 
energy in the steam leaving the first set of moving blades. 

Commercially this energy is known as “ Carry over . 



Fixed Blade 



Fig. 215. Velocity compounding. 


To recover this energy a set of guide blades either redirects the steam back on to 
the first row of moving blades, as shown in Fig. 214, or directs it forward on to a 
second and possibly a third set of moving blades, see Fig. 215. This gives rise to 
what are known as two or three row, or two or three bucket wheels.* 

Multiple bucket wheels were the invention of Curtis (1897) and are the charac- 
teristic feature of all modern turbines, since they permit a large ratio of steam 
speed Vi to blade speed S. This is an important consideration in slow-speed 

* The idea of velocity compounding on a single bucket wheel was suggested in 1863, 
but it remained for Prof. J. Stumpf to make a practical turbine employing it in 1903. 
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turbines — especially of the marine type — where the great difference in density 
between low-pressure steam and sea water involves a large difference of speed 
between the turbine and the propeller. 

The additional advantages of velocity compounding are that the length of the 
turbine is shortened and therefore the whirling speed of the shaft is raised. The 
diameter of the turbine is also reduced. 

By restricting the high pressure and high temperature steam to the nozzle 
box it often happens that only this component need be of cast steel, the rest of 
the casing may bo made of cast iron. 



The reduced stage pressure (see pp. 337 and 415) reduces gland and diaphragm 
leakage losses (see p. 430) and also the friction losses on the blades and discs. 

Unfortunately the rapid diminution in the velocity of the steam over successive 
rows of blades (see velocity diagram, Fig. 222) makes the successive rows of blades 
far less effective than the first row; and the tortuous path of the steam introduces 
heavy friction losses. The net result is that the efficiency of multi-bucket wheels 
is considerably less than of single-bucket wheels (see Fig. 216) and on this account 
multi-bucket wheels are employed only on the first stages of turbines, since the 
succeeding single-bucket wheels can reclaim some of the lost energy. In other 
cases, for example, astern turbines, feed pumps, etc., considerations of initial 
cost take priority over efficiency, and therefore multi-bucket wheels are used 
throughout the turbine. 
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Pressure compounding. 

In. 1884, Parsons, appreciating the inefficiency of working with higli-velocity 
steam, arranged to drop the pressure from 
the stop valve to the condenser in Stages 
rather than in one drop as practised by 
De Laval, and he caused the steam to ex- 
pand in both the moving and fixed blades. 

Curtis in 1806 arranged several De 
Laval turbines in series on a common 
spindle, each turbine working in its otn Convergent- 

° Nozzle 

compartment, the walls of which were 
pierced with nozzles so as to direct the 
steam on to the next wheel. The sepa- 
rating walls which carry the nozzles £$ re 
known as Diaphragms (see Fig. 21j). 

Each diaphragm and the disc on to which 
the diaphragm discharges its steam is 
known as a Stage of the turbine, and the 
combination of stages forms a Pressure 
compounded turbine, or, more cor- 
rectly, Installation. As Curtis did not 
consider this the best method to employ 
the development of pressure compounding was left to Rateau, 1898. 

Pressure compounding produces the most efficient, although the most expensive 
turbine; so in order to make a compromise between efficiency and first cost it is 
customary to combine velocity compounding and pressure compounding as in 
Fig. 218. 
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Fig. 217. Pressure compounding. 
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Stage with partial reaction. 

Experience shows that improved efficiency, in consequence of the reduced 
velocity of the steam, may be obtained by allowing a certain proportion of the 
stage pressure drop to occur in the moving blade. 

Provided the pressure drop is not large, the injector action of the steam entering 
the blades is sufficient to maintain the pressure drop without taking any special 
precautions to prevent leakage of steam over the tips of the blades. 

As, however, the pressure drop in the blades increases, steps must be taken to 
limit steam leakage by causing the shrouding to overhang the moving blades to 
such an extent that it almost touches the preceding diaphragm. This is known 
as End tightened blading (see p. 443). 

Since tip leakage can never be entirely prevented, and is most serious where 
the specific volume of the steam is small, it is customary to allow only about 5 % 
reaction on the first rows of blades in the high-pressure turbine, and to increase 
this to 50 % in the low-pressure turbine, where tip clearance is small compared 
with the length of the blade. With 50 % reaction half the available energy per 
stage is released in the diaphragm, and half in the moving blades. 

Modern impulse turbines. 

As the primary patents on the various arrangements of nozzles and blades have 
now expired, manufacturers are at liberty to use any type of combination to meet 
the end in view. 

The most usual arrangement is one two -bucket or two row wheel followed by 
several single-bucket wheels in which the amount of reaction increases progres- 
sively towards the exhaust end. 

Through the courtesy of Messrs Metropolitan Vickers, Fig. 219 shows one of 
their machines which illustrates the previous points. 

It will be seen that the first stage is a double-bucket wheel, and that this disc, 
together with several succeeding discs, is pierced with holes which allow leakage 
steam to short-circuit the blades without interfering with the ordered flow from 
the nozzles. These holes can also be adjusted to give mechanical balance of the 
wheel. 

The photograph shows that the last disc, and several preceding it, are not 
pierced because of the large percentage reaction carried by these blades. 

Determination of the work done in a single stage of an impulse turbine. 

In the absence of friction it follows from the conservation of energy that 
the work done on a blade ring is the difference between the kinetic energy of the 


Actually friction is present to an extent which depends upon the velocity and 
the condition of the steam entering the blade as well as upon the angle through 


steam entering the blades and that leaving, i.e. 


r t m 


*9 


— (see Fig, 222) 
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which the steam is turned. In practice this loss is estimated from curves, but for 
ordinary purposes it is usual to multiply the relative velocity V n at inlet to the 
blade by a friction factor k, which is less than unity, in order to obtain the relative 
velocity V ro at outlet. 

Knowing V ( , S, V ro and the blade angles, the change in momentum, which 
produces the force on the blade, is most readily obtained by a graphical method 
which is known as Drawing velocity diagrams. 



Fig. 219. Single -cylinder turbine with upper half of casing removed. 


Velocity diagrams. 

The change in momentum is the vector difference (MV 0 - Ml]) or (MV ro - MV ri ), 
and is obtained by drawing V t at the Nozzle angle a with the vector that 
represents the blade speed S in order to obtain the relative velocity at inlet, 
= (l^-S). The relative velocity* at outlet - V ro = W ri , and the absolute 

* Relative velocity. The velocity of A relative to H is ( V A - V B ), and, if the two objects 

=4- i 

A B 

Fig. 220. 

are not moving in the same straight lino, tho difference must be obtained veetorially by 
reversing the arrow, representing velocity y» and adding it veetorially to V A . 
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velocity at outlet V 0 is the vector sum (V T0 + S) = 1£. By reversing the arrow in 
Vi and adding this quantity vectorially to V 0 , we have the change in velocity 
{V 0 - shown dotted in Fig. 221. The force due to this change of velocity is the 
product of the mass of steam flowing per second, and the vector difference 
(V 0 -V^. 
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Fig. 221. 

In general the vector {V 0 - JJ) will not be parallel to S, so that only the tangential 
component V t will do useful work; whilst the normal component V n produces an 

End thrust on the rotor. 


Industrial method of constructing velocity diagrams. 

When a large number of velocity diagrams have to be drawn it is quicker and rfr* 
more convenient to draw diagrams 1 and 2 on a common base S. The change 
in velocity can then be scaled off directly (see Fig. 222). 



Fig. 222. 

Force on the blades and work done. 

Let T be the time occupied by a mass W lb. in passing over the blade system 
under steam, then the acceleration in the direction of motion $is — and the force 

w v 1 
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Work done « Force x Distance moved in the direction of the force 

W V W 

= j^*(SxT) = jV t S. 


If w is the mass flow per second, 


h.f. s= 


wV t S 
gx 550’ 


ivV'i 


Blade or diagram efficiency. 

The total energy available for mechanical work per second = — ? , so tliat the 
efficiency of the blading as obtained from the velocity diagram 


= Va 


{wkrWS 2 v t s 


iv Y 2 J2( 


t r # 


End thrust. 

Because of the reduced axial velocity V ao , at outlet, from blades of an impulse 
turbine the force producing acceleration of the 
steam does not act wholly in the plane of the 


Press 


wV n 


wheel; hence there is a component force 

tending to push the shaft axially; in addition, 
this is augmented by the steam pressure acting 
on the different areas a and A on each side of the 
wheel or disc. A thrust bearing, or as it is some- 
times called an adjusting block, must therefore 
be provided to carry this load and maintain the 
working position of the shaft. 

In a reaction turbine the axial velocity of the 
steam per reaction pair is sensibly constant, so 
that the main thrust is due to a difference in area 
and pressure on the “ rotor ” ; this thrust is usually 
balanced by allowing low-pressure steam to act 
on a dummy piston, but to meet variable loads 
and locate the rotor an auxiliary thrust bearing 
is provided. In central or double flow turbines, as 
well as in radial flow turbines, the thrust is self- 
balancing. 

Ex. Blade speed, diagram efficiency, and end 
thrust. 

One stage in an impulse turbine consists of a con- 
verging nozzle and one ring of moving blades. The nozzles are inclined at 22° to the 
blades whose tip angles are both 35°. 



Fig. 223. 
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If the velocity of the steam at exit from the nozzle is 1500 f.p.s., find the blade speed 
so that the steam shall pass on without shock, and find the stage efficiency, neglecting 
losses, if the blades run at this speed. 

If the relative velocity of the steam to the blade is reduced by 15 % in passing through 
the blade ring, find the actual efficiency and the end thrust on the shaft when the blade 
ring develops 50 h.p. 



On base AB , Fig. 224, set off angles A BO = 22° and ABD = 35° and draw BC to 
scale to represent 1500 f.p.s. Through C draw CE parallel to I)B in order to locate point 
E , which gives the blade speed as 585 f.p.s. approximately. 


] ()()'> X 585 X 

Stage efficiency neglecting friction = - - ' ' “ = 83-5 %. 

1500* 


With 1 5 % friction loss V r , 
Diagram efficiency 


= 0-85 x 985 = 837 f.p.s. 

_ 1490 x 585 x 2 
15(H) 2 


h.p. developed per lb. of steam = 


1490 x 585 


32-2 x 550 


= 77-5%. 
= 49-2. 


Hence steam flow is approximately 1 lb. per sec. 


/. End thrust - = 2-78 lb. 

g x 49-2 


Velocity diagrams for velocity compounded wheels. 

If two or more rows of blades are carried on a single disc, the fixed blades, which 
separate the rows of moving blades from one another, deflect the steam on to 
the succeeding row of moving blades, and in some cases the system is arranged to 
give a slight drop in pressure. The problem may be considered as a system of 
single discs with their corresponding nozzles, and the velocity diagrams drawn 
accordingly (see Fig. 225). The initial velocity F' with which the steam is dis- 
charged on to the second set of moving blades will be kV 0 , where k is the friction 
factor for the first system of fixed blades. 

In finding the work done it must be observed that the change in velocity is 
now given by (P^ + !£,), which will replace V t in the previous expressions for work 
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and efficiency, the change in axial velocity being {V ni + V n% ). The case of a three- 
bucket wheel is merely an extension of the previous problem. 

If, as sometimes occurs in examination questions, the moving blades are all 
supposed to be made from the same section, time may be saved by superposing 
diagrams 1 and 2. 1 

The rapid diminution in the velocity of the steam as it passes through multi- 
bucket wheels imposes a practical limit to the pressure drop which it is desirable 
to produce in a nozzle. In fact, if efficiency is to be aimed at, it is rarely advisable 
to use more than a double-bucket wheel per nozzle box. 



Ex. Blade speed and efficiency for velocity compounded turbine. Axial discharge, 
nozzle angle not given. Reduction in efficiency due to underspeeding. 

(B.Sc. 1924.) 

In a stage of an impulse turbine in which the velocity is compounded in two rings of 
moving blades separated by fixed blades, the moving blades have tip angles of 30°, and 
the blade speed and nozzle and fixed blade angles are designed on the assumption that 
the velocity of discharge from the nozzle is 1 800 f.p.s. and relative velocity of the steam 
to blade is reduced by 10 % in passing through each of the blade rings, and the final 
discharge shall be axial. Determine the blade speed, and find the efficiency of the stage. 

What would be the approximate reduction in efficiency caused by a 10 % reduction 
in blade speed? 

To solve this problem select two points A and B, Fig. 226, and from these mark off 
the blade angles of 30° from XX and xx. 

90 

Make V' 0 = 90, so that F' 4 = — = 100 (this saves a little computation). From B 

set off these lengths to define points E and C. 

V 

Scale off V' {l and from this evaluate V 0 = -■£ . With centre F, and radius = F 0 , strike 
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an arc to intersect the 30° line through A in 0, then AG = V T0 and V ri = which is 

set off at an inclination of 30° from A to define point H. 

The length FH should be 1800, but through a wrong choice of V' r0 it only scales 365. 

Hence the scale of the diagram = . 

.*. Actual blade speed = 78-5 x = 398*5 f.p.s. 

356 

2(V t + VdS 

vf 


The diagram efficiency 


1 ftOO 

2 (470+ 165) x 398*5 

uOO 

18002 


= 79-2 %. 


* Underspeeding. To facilitate drawing, the underspeed diagram is superposed on the 
diagram for the designed speed, and is shown dotted. From this diagram the diagram 
efficiency becomes 


1 ft oo 

2(480+192*4 ) ~~ x 0*9 x 398*5 

I8O0S 


= 75*5 %. 



Unoerspeedins Shown Dotted 
Fig. 226. 

Ex. Nozzle angle for a pressure compounded steam turbine with axial discharge. 

(B.Sc. 1935.) 

In an impulse turbine compounded for pressure the first six stages each consist of a 
set of nozzles and one ring of moving blades. The steam supplied to the first stage is 
200 lb. per sq. in., superheat 60° C. and the sixth stage exhausts at 23*5 lb. per sq. in. 
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Taking Pressure cons ^ an ^. f or a jj stages, calculate by means of the steam 

Initial pressure ® J 

tables the heat drop of the first stage. 

If the blade speed is 550 f.p.s. and the outlet blade angle is 30°, find the nozzle angle 
for an axial discharge. 

Assume that friction reduces the velocity of the steam relative to the blades by 15 % 
and take a nozzle efficiency of 90 %. 

Since the pressure ratio per stage is constant, 

200 = Pi _ Pi £3 = p 4 = Pi =c 
Pi Pi Pa pi Pa 23-5 


(J|Fb) = w ^ ence 0 = 1 ' 4 285 , 
m ... 

Pl 1-3285 14 °* 


200 Lb. per S<?.In.60°s.u. 





Fig. 227. 


To obtain the adiabatic heat drop from steam tables, 

<f> 8 at 200 lb. per sq. in. and 60° C. superheat = 1*6231 
<f> at 140 lb. per sq. in. dry saturated = 1 *5813 

0-0418 = C P log, 

To estimate the value of C„ from tables, 

H at 140 lb. per sq. in. and 30° C. superheat = 682-3 
H at 140 lb. per sq. in. dry saturated ■ 665-1 

c .=w- 0 ' 6735 - 


17-2 
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m . , _ T 0-0418 An _„ 

Tentatively, log, ^ ^ = 0 ' 073 - 

108x451-4 = 487 

T saturated at 140 lb. per sq. in. = 451 

Degree of superheat = 36 

This could also have been obtained by referring (f> = 1-6231 to superheat tables. 

H at 200 lb. per sq. in. and 60° C. superheat = 703-6 
H at 140 lb. per sq. in. and 36° C. superheat = 684*6 


Heat drop 


19-0 


Vi = 300 Vl 9 x 0-9 = 1240 f.p.s. 


Shrouding 


Bt/vot 

Height 


Pitch Circ le 
Ch7.(P.C 0.) 


By constructing the velocity diagram in the reverse way to what is usual, we have 
638 

V H — - - - = 751, the intersection of this vector with the 1240 vector gives the nozzle 
0-85 

angle as 20-3°. 

Flow of steam through blading. 

The volume of steam flowing through 
the blades is the product of the velocity 
of flow and the total area of the pas- 
sage perpendicular to the velocity. 

In practice it is convenient to consider 
the axial component of the velocity 
in conjunction with the unobstructed 
area perpendicular to this velocity, 
thus: 

From Fig. 228 the mean unob- 
structed area between the blades at 
entrance = ( p sin fi—t)K. 

Volume of steam flowing per second 

= Ki Jt lP sin = V ri h gauging. 

But l^-sin/? = l^sina. 

v _ rr sin a _ Axial velocity 
r< ~ i sh^ • 

Flow per blade pair = Axial velocity — t A. 

For full peripheral admission the number of openings = 7 r(p.c.D.)/p. Total 
flow = [p-f/sin/?] axial velocity x for(p.c.D.)/p^axial velooity x annular area. 



Outlet 

Angle 


Inlet Angle fi 


Fig. 228. 



The Theory of the Steam Turbine 425 

To have a steam flow through the blades, then, it is imperative that the axial 
component of the velocity of the steam is at all times compatible with the area 
for flow. For this reason the exit height H of the blade is often greater than the 
inlet height h. 

Blade speed for the maximum diagram efficiency of a single -bucket 
wheel having symmetrical blades. 


, On p. 419 the diagram efficiency of a single-bucket wheel was shown to be 


V 


2 VS 
T? • 


( 1 ) 


For a symmetrical blade /S = y (Fig. 222), and to maintain the steam flow 
through the turbine constant, the axial velocity of the steam through this type 
of blade must also be constant. Further 


T- sin a. = V ri sin ft. 

Also V ri cos fi = (1^ cos a — S). 

Neglecting friction, V ro — V ri , and 

K=2F ro cos/?. 

By (3) in (4), V t = 2(1^ cos a - S ). 

By (6) in (1), 


_ 4(^cosa — S)S 
V - p| > 


drj 


A S\S 


d<mi 

Hence the best Velocity ratio (v.r.) is 


= cos a — 2/S /Vf = 0 for a maximum. 


■(2) 

( 3 ) 

( 4 ) 

( 5 ) 


S cos a , „ 

-.7“—- alld '/max. = COS 2 a. (6)* 

} L w 

Since a is usually 16 to 20°, cos a === 1, so that the best velocity ratio is approxi- 
mately l- In practice it is found that the highest efficiency is realised when 
v.r. = 0-48 to 0-5, which in this case causes the steam leaving the blade to move in 
an axial direction. In these circumstances the kinetic energy in the leaving steam 
is the minimum required to produce a flow through the blades, no component 
velocity, in the direction of S, being available to do more work on the blades. 

Further, since fan action and disc friction (see p. 429) depend upon a power of 
the speed, reduction in speed causes a saving on these losses which more than 
compensates for the reduced diagram efficiency. 

. 8 _ l . 

cos a whirl velocity 2 
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The best velocity ratio for double -bucket wheels. 

With very small blade angles the best velocity ratio of a single-bucket wheel is 
a value which should be realised by the last row of a double-bucket wheel, 
since any energy which is not converted by the first row of blades should, in the 
ideal case, be converted by the last row if it is not to be lost. 4 

Fig. 229 represents an ideal two-bucket wheel having very small blade angles, 
and in which the final discharge of the steam is axial; a condition which makes 

V 1 =cr $ 9 
r ro 



Neglecting friction, we have V' ri ^ S. This causes 

Vi**r H + S~ 2S. 

But y o —V\ — 2S, 

V r0 **V 0 +S^3S, 
and since V H = V ro , then V, V r/ + S 4 S. 

Hence the best velocity ratio of a two-bucket wheel is £, and of a three-bucket 
wheel 


Best velocity ratio for unsymmetrical blades, friction present. 

On p. 419 it was shown that the diagram efficiency of any type of blade was 
given l>y 

V ys • ( 1 ) 

From Fig. 222, V t = V H cos /? + V ro cos y. (2) 

But with friction V ro — kV ri , where k < 1, whence (2) becomes 

■ J5-r rt oo./»[i+i^]. (3, 

But V H cos p = (P* cos a — S). .... ..(4) 

By (3) and (4) in (1), / C08y \ 

7 n 


( 6 ) 
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Before we can solve this equation for the value of SjV it which will make if a 
ma x imu m , we must know something about the angles a, /?, y, as these influence 
the value of rj, thus: 

If the steam is to flow on without shock, 

V ri sinft ^ T^sina 
V H cos ft V t cos a — S * 


But 


tan/? =* 


sin a 


COS OL — SjVft 
sec 2 ft 1 -f tan 2 ft. 


By (6) in (5), 

V = 



( 6 ) 

(7) 


a and y may now be varied arbitrarily so long as the blade height at entrance 
and exit can be adjusted to discharge the steam (see Fig. 228). 


Ex. Velocity ratio for unsymmetrical blades. (Senior Whitworth 1924.) 

The ratio K between the velocity of the moving blades of a single disc impulse turbine 
and the velocity of steam at exit from the nozzle is 0-35. Find the efficiency when the 
nozzle angle is 18° to the direction of motion. 

What would be the value of K to give a maximum efficiency of this pair and what 
would the efficiency then be ? 

Assume that the inlet angle of-the blade allows the steam to flow on without shock 
and that the outlet angle is 18°. 

To solve the first part of the problem merely draw the velocity diagram, taking V { as 
1000, whence 

_ 2 V ( S 2x1247x350 

1000* ° 874 - 


From equation (7), p. 427, writing y = a, we have 

r, = 2{£ jC o 8a — (£)-) + + 

Let SjVi =s x and cosa = a, then equation (1) becomes 


( 1 ) 


= {ax-x*){l+ajl+(£^j 


x\a — cc+a^a— a?) 3 + (l~ a 2 )]. 
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Let (a—x) = y , and (1— a 2 ) = 5, 

V = (a-y) [»/+oVy 8 +6 2 ], 

d ?7 __ drj dy __ drj 
dx dy dx dy* 

£ — (to+«'SW](-i)+[«-»][i +^=]}. 

Equating this to zero for a maximum value of w, 

a~2y — a sly 2 + 6 2 + -p ^ = 0, 

V?/ 2 4- & 2 

(a — 2//)\/?/ 2 + 6 2 - a ( i / 2 4 - 6 2 ) + tt 2 i / — at / 2 = 0 ; 

whence (a — 2?/) V?/ 2 4- & 2 = 2a?/ 2 — a 2 ?/ 4- a& 2 . 

Squaring both sides, 

(a 2 — 4ay 4- 4y 2 ) (?/ 2 4* b 2 ) = 4a 2 ?/ 4 4- a 4 ?/ 2 4- a 2 6 4 — 4a 3 ?/ 3 4- 4a 2 6 2 ?/ 2 — 2a% 2 y, 

4?/ 4 — 4ay 3 4* ?/ 2 (46 2 4- a 2 ) — 4 ai 2 ?/ -f a 2 & 2 = 4a 2 ?/ 4 — 4a 3 ?/ 3 + y 2 (a A 4- 4a 2 5 2 ) — 2 a 3 6 2 ?/ 4- & 2 & 4 , 
4?/ 4 (l — a 2 ) — 4ay 3 (i — a 2 ) 4- ?/ 2 [4fr 2 (l — a 2 )4-a 2 (l — a 2 )] — 2a6 2 //[2 — a 2 ] + a 2 6 2 [l ~6 2 J = 0. 


But 5 2 — (1 —a 2 ), so dividing throughout by (1 — a 2 ) gives 

4 ?/ 4 — 4a?/ 3 4- ?/ 2 (4 — 3a 2 ) — 2ay{2 — a 2 ) -f a 4 = 0, 

(?/ - a) [4?/ 3 4- (4 — 3a 2 ) y - a 3 ] = 0. 

,\ y = a; whence a; = 0 and 77 = 0. 

Or 4^ 3 4~(4 — 3a 2 )?/ — a 3 — 0. (2) 

This equation has only one real root, which lies between y — 0 and a/2, 

. . , a cos a 

x~(a — y), hence x> -> . 

a = 18°, cosa = 0*9511. 

A graphical solution gives a; = 0*526, and this value satisfies equation (2) approxi- 
mately. 

Graphical solution. The efficiency is obviously a maximum when V 0 is a minimum, 
provided the area through the outlet from the blades will allow the steam to flow through 
at the rate that it is discharged from the nozzle; so obtain the velocity ratio which will 
give this minimum for a fixed nozzle and outlet blade angle. „ 

On the base BC (Fig. 230) set off the nozzle angle ABC as 18°, make AB = 1000, and 
set off the outlet blade angle DBE = 18° on the reference line. From B mark off blade 
speeds of 300 f.p.s., 400 f.p.s., etc. up to 700 f.p.s., to locate points C, C v C 2 , etc. 

Join AC, AC V AC 2 , etc. With centres C , C t , C 2 , etc. and radii AC, AC V AC 2 , etc. 
s= V rii strike arcs of circles to intersect lines drawn through C, C x , C 2 , etc., parallel to 
the reference line, in points F , F v F 2l etc. The join of these points is the locus of the end 
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F of the vector BF which represents the outlet velocity V 0 . The minimum value of V 0 
is the radius of a circle, centred at B, to which the locus of F is tangent. For this minimum 
value the blade speed scales 526, and since F, was taken as 1000, the best velocity ratio 
is 0-526. 



Losses in steam turbines. 

In an ideal turbine the useful work done per lb. of steam would be the same as 
that done on the Rankine cycle between tho same temperature and pressure 
limits, from the stop valve to condenser, i.e. it would be equal to the Adiabatic 
heat drop. 

In practice many things reduce this work considerably, and their effects may 
be investigated by tracing the path of the steam from the stop valve to the 
condenser, thus: 

The first loss occurs at the governor valve where, for the sake of speed regulation, 
a throttling loss of 5 to 10 % of the pressure at the main stop valve appears 
to be inevitable. 

Friction and eddies will cause various small pressure drops in the high-pressure 
nozzle box, but the greatest loss occurs in the nozzle itself due to the bending 
of the steam through a considerable angle. 

From a thermal efficiency standpoint small blade heights are undesirable, but 
if these are increased, then the great density and limited quantity of high- 
pressure steam prevent its admission over the whole of the periphery of the first 
stage, hence Partial admission results. In a way this is unfortunate, because the 
blades which are not under the influence of the jets are idly churning the steam, 
with which the casing is filled, thereby causing a Fan loss or Windage. This 
loss is difficult to estimate, although attempts to reduce it are sometimes 
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made by fitting stationary shields around the moving blades which are not 
under steam. 

The high-pressure turbine disc is itself running in a dense medium that sets up 
a considerable fluid resistance, known as Disc friction. 

The chamber containing the first stage is sealed against leakage of steam by a 
gland at one side and diaphragm packing at the other (see p. 415); but since 
this seal is never perfect, a certain proportion of the steam leaks from the 
chamber without doing useful work. The larger leakage area of reaction turbines 
makes the loss more serious in the high-pressure turbine, even though the 
pressure difference across each row of blades is much less than across the 
diaphragms of impulse turbines. 

The kinetic energy corresponding to the absolute discharge velocity V Q of the 
steam, i.e. Carry over, may be conserved — at least for one power output — by 
properly shaped and positioned diaphragm plates. With partial admission this 
angular positioning of the nozzles of successive stages in order to conserve the 
“ Carry over” is known as Lead, and may be computed when the particulars 
of the blade and velocities are known. 

Throughout the turbine the losses already enumerated are repeated from stage 
to stage, but decrease with a decrease in the density of the steam. In addition 
there is Radiation, which, in a properly Lagged casing, should not amount 
to more than £ % of the adiabatic heat drop (a.h.d.). 

Next to the glands we have bearings and the thrust block, which involve 
frictional losses. On a small 20,000 h.p. set, having a mechanical efficiency of 
95 %, this loss amounts to 1000 ii.p., which has to be dissipated by means of the 
lubricating oil; hence the large quantity of oil in circulation. Finally the power 
to drive the pumps as well as the governor gear must be deducted from the total 
power developed inside the turbine. 

Terminal or leaving loss. 

The exhaust steam enters the condenser with a considerable velocity, something 
of the order 600 to 800 f.p.s. or nearly 600 m.p.h., and the kinetic energy corre- 
sponding to this velocity represents a loss of energy amounting to 

8002 « - * 
o i == 7 '1 c.h.u. per lb. of steam. 

2 g x 1400 r 

The best way of reducing this loss and that of the thrust block is to use a 
Central or double flow turbine, which is really two simple turbines with their 
h.p. ends placed back to back, so that the steam flows axially in opposite direc- 
tions.* 

By this arrangement the velocity is halved and the leaving loss quartered.f 

* The first turbine made by Parsons was of this type (1884). 

t In reaction turbines the leakage loss is almost doubled when central flow is employed* 
but it is possible to employ a higher vacuum without involving an abnormal leaving loss/ 
consequent on the reduced density of the steam, as would be the case in a single flow turbine/ 
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Because of the reduced blade heights required, the system is most advantageous 
on high-powered or low-pressure units, where it has distinct advantages. 

In America turbines have been made with four exhausts with a view to reducing 
the loss below the average value of 5 % of the adiabatic drop occurring with a 
single exhaust in that country. 

The designer’s objective is to reduce all these losses to a minimum, and it will 
be appreciated that the greater the capacity of the machine the smaller will be 
the percentage total loss. 

When designing a turbine, each loss, and its influence on the condition of the 
steam, is considered at each stage, but examiners take cognizance of the losses 
by introducing certain efficiencies. Unfortunately there does not appear to be 
agreement in the definitions connected with the various efficiencies and often 
several different names mean the same thing. 

5 

Various efficiencies of turbines. • 

ii 

(1 )* Diagram efficiency . This has been defined on p. 41 9 and is represented by 

2S(V tl + V h + ...) 

Vd = yT > 

where the suffixes 1, 2, etc. refer to the rows of moving blades in that particular 
stage. 

(2) Stage efficiency, t/ 8 . The stage efficiency covers all the losses on the 
nozzles, blades, diaphragms and discs that are associated with that stage. 

Not work done on shaft per stage per lb. of steam flowing 
^ 8 ~~ Adiabatic heat drop per stage 

Net work done on blades — Disc friction and windage 
Adiabatic heat drop, h, per stage 

(3) Internal efficiency, This is equivalent to the stage efficiency when 
applied to the whole turbine, and is defined as 

Heat converted into useful work 
Total adiabatic heat drop, H 

(4) Overall or turbine efficiency, ?/ 0 . This efficiency covers internal and 
external losses; for example, bearings and steam friction, leakage, radiation, etc. 

Work delivered at the turbine coupling in heat units per lb. of steam 
~ Total adiabatic heat drop, H 

(5) The net efficiency or the efficiency ratio, i} n , is the ratio 


Brake thermal efficiency 
Thermal efficiency on the Rankine cycle * 
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Now the actual thermal efficiency 

Heat converted into useful work per lb. of steam 

— Total heat in steam at stop valve — Water heat in the exhaust* 


Rankine efficiency 


Adiabatic heat drop 


Total heat in steam at stop valve — Water heat in the exhaust ' 
Heat converted into useful work 


Vn = 


Total adiabatic heat drop 


Hence y n = Vo- 

lt is the overall or nett efficiency that is meant when the efficiency of a turbine 
is spoken of without qualification. 


Re -heat factor. 


Owing to friction, only the portion y s x h of the adiabatic heat drop h per 
stage (having an efficiency r/ s ) is converted into work, the remainder {(1 —y s )h] 
goes to re-heat the steam, and thereby pushes the “state point”, on the H<j> 
chart, progressively to the right. 

For example, the state point (2), Fig. 231, for the first stage is pushed to (2'). 

Now the constant pressure lines on an H<j> chart diverge towards the right, 
and therefore it follows that the adiabatic drop from 2' to 3 is greater than the 
drop from 2 to 3". 

Continuing in this way from stage to stage the total effective heat drop is 

hi + h ‘2 + h$ -+* -f- etc. j 


this is known as the Cumulative heat drop and is greater than the direct or 

Adiabatic drop H. 

Generally h 1 + h 2 + h 3 is expressed in the form of a product RxH, where R 
is known as the Re -heat factor. 


If y„ is the average stage efficiency, and h is the average heat drop per stage, then 
the internal efficiency of the turbine 


But 



Ih = RH. 


( 1 ) 

( 2 ) 


Whence by (2) in (1), 


Vi = 


y 3 RH 

H * 


R = — * 


( 3 ) 


Usually Vi and y„ are unknown, so that R is provisionally decided on from 
experience with similar turbines. The value of R usually lies between 1-02 for 

* This equation shows that the efficiency of the machine as a whole is greater than of its 
individual parts. 
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turbines with few stages to 1-06 where many stages are employed. By reasoning 
on purely theoretical lines a value of R may be deduced.* 

Ex. Re-heat factor and subdivision of power. (B.Sc. 1921.) 

Explain carefully what is meant by “Re-heat Factor”, and indicate how this factor 
involves two efficiency ratios. 

An impulse turbine installation is to be arranged in three casings, ii.p., i.p., l.p., and 
to work between pressures 210 lb. per sq. in. 80° C. superheat and 1-1 lb. per sq. in. 
Allowing a re-heat factor of 1*075 and a loss of available heat in receiver pipes, etc. of 
5 c.h.xt. per lb., determine the heat to be allocated to each unit if h.p. and j.r. each 
develop } power and l.p. £ of total power. 

Allow a stage efficiency in ii.p. of 0*79, I.P. of 0*70, l.p. of 0*72. 



Fig. 231. 

From the Mollier diagram the adiabatic heat drop from 210 lb. per sq. in. and 80° C. 
superheat to 1*1 lb. per sq. in. = 205*5 c.ii.u 

Cumulative heat drop = 1*075 x 205*5 = 221*5 
Receiver loss = 5*0 

Net available energy = 216*5 

Let H l9 H 2 and ff 3 be the heat drops for h.p., i.p. and l.p. and p the total power 
developed per lb. of steam, then 

0-79.fi! = 0-76.02 = | , 0-72fi 8 = | . 


* “ Stage efficiency, cumulative heat drop, and reheat factor of steam turbines, by 
Dr D. M. Smith, Proc . Inst, Meek, Eng . (1939). 


28 
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H 1 _ 76 fia_2 0-72 
•* H 2 ~ 79’ H z 4 X 0-76’ 


H^Ht+H s = 216-5. 



7 6 2x76 

79 + 1+ 72 


) 


= 216*5; 


H 1 = 51*1, tf 2 = 53*l, tf 3 = 112 1. 


Ex. Auxiliary exhaust into turbine. (B.Sc. 1921.) 

The low-pressure turbine of a naval installation receives 30*7 lb. of steam per sec. 
from the high pressure unit at 27 lb. per sq. in. and 0*915 dry. This steam expands to 
12*5 lb. per sq. in. in the first two stages of the low-pressure with an efficiency ratio of 
0*69. Into this steam at 12-5 lb. per sq. in. there also passes 8*2 lb. per sec. of exhaust 
steam from the auxiliaries at 0-94 dry. The total steam quantity then passes through 
the succeeding stages to an exhaust pressure of 1*3 lb. per sq. in. If theH.P. developed is 
6120, determine 

(a) The efficiency of the later stages. 

( b ) The condition of the steam at entrance to the third stage. 

( c ) The condition of the steam at the exhaust from the last stage, assuming a leaving 
velocity of 600 f.p.s. 

Heat drop from 27 lb. per sq. in. at 0-915 dry to 12*5 lb. per sq. in: is 29 c.H.u. 
Efficiency ratio = 0-69. 

Actual work = 0*69 x 29 = 20 o.mu. 


Re-heated condition from Mollier diagram gives a total heat of 581*5 c.h.tt. per lb. 
Total heat leaving the second stage = 30-7 x 581-5 — 17,870 

Total heat from auxiliary exhaust = 8-2(95-5 + 0*94 x 542) — 4,960 
Total heat entering third stage = 22,830 

22,830 
(30*7 + 8*2) 

h at 12*5 lb. per sq. in. 

L at 12*5 lb. per sq. in. = 542. .\ x x 542 


Total heat per lb. = 


- 587*0 

- 95-5 
= 491*5 


491*5 

Dryness fraction at entry to the third stage = x = — 0-906. 

From this condition down to 1-3 lb. per sq. in. the adiabatic heat drop is 73 C.H.TT. 

Total h.p. developed = 6120 

. „ . . 20x1400 x 30-7 

h.p. in first stages — R = 1562 


550 


, , . , , - , v n x 38-9 x 73 x 1400 

h.p. to be developed in the later states = = 4558' 

550 

. r, . . 4558 x 650 

. . Efficiency ratio of later stages, i/ n = 


38-9x73x1400* 


i) n = 0-631. 
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Useful heat drop = 0-631 x 73 = 46*04 

600 2 

Heat equivalent to leaving loss = — = 4-0 

2gxl400 

Total energy abstracted = 50-04 

Setting this length off on the Mollier diagram from the adiabatic through 12-5 lb. 
per sq. in. at 0-906 dry gives a re-heated dryness at 1-3 lb. per sq. in. of 0-864. 

Quantities Given 
Main Steam 12-5 Lb. per Sq.In 
30*7 Lb. per Sec. n=»0- 69 8*2 Lb. per Sec. 



Fig. 232. 





Fig. 233. 


Ex. Velocity compounding. Stage pressure, w,, power. (B.Sc. 1932.) 

A two-row stage in an impulse turbine operates at a blade speed of 480 f.p.s. when 
receiving 6'5 lb. of steam per sec. at 160 lb. per sq. in. dry and saturated. The ratio of 
the blade speed to the steam speed at efflux from the nozzle is 0-21 and the nozzle 
efficiency is 90 %. Given the following particulars: 



! Nozzles 

First 

moving 

Fixed 

Second 

moving 

Outlet angles 

Velocity coefficient 

16° 

20 ° 

0*79 

24° 

083 

32° 

0-88 

28-2 
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determine the stage pressure, blading (or diagram) efficiency, stage efficiency and power 
output, if 20 h.p. is used in overcoming disc friction and windage. State also the con* 
dition of the steam leaving the stage. 



Sufficient information is given to complete the velocity diagram, from which the 
diagram efficiency is given by 


2(V tl + V t2 ) S __ 2x480(3015 + 1160) 


V'i 


2285 2 


=^ 77 %. 


Adiabatic heat drop H is given by 

2285 = 300 \lo-9H, H = 64-6 o.h.tt. 

From the Mollier diagram the corresponding stage pressure is 36-5 lb. per sq. in. 

, i ii ai "ui j 480x4175x6-5 
h.p. developed by the blades = - ■ — = 740 

Ow'i X {)<)() 

Disc loss = 20 

Net h.p. = 720 


Stage efficiency = y s = 


Network on shaft 


720x550 


Adiabatic heat drop 64*6 x 1400 x 6-5 


= 67-4%. 


Heat converted into mechanical work per lb. of steam 

= 0-674 x 64-6= 43-5 c.h.u. 
V '2 260 s 

Heat equivalent of carry over = — °- T = — -~x = 0-75 

2 gJ 64-4 x 1400 

Total heat converted = 44-25 


Setting this length off on the Mollier diagram gives the re-heated condition of the 
steam leaving the stage as 0-95. 
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Ex. Turbine trial. (B.Sc. 1934.) 

The following particulars refer to a trial on a small two-stage impulse turbine supplied 
with superheated steam: Pressure and temperature of steam in nozzle box, 154 lb. per 
sq. in. and 210° C. respectively; pressure and temperature of steam in first expansion, 
14*2 lb. per sq. in. and 108° C.; pressure in condenser, 1*13 lb. per sq. in.; revolutions 
per min. 2900; brake torque, 252 lb. ft.; friction torque, 17-5 lb. ft.; steam per min., 
46*53 lb.; cooling water per min., 1665 lb. raised through 15*3° C.; temperature of hot 
well, 32*5° C. 

Make out a heat balance sheet for the turbine, expressing the values in lb. calories 
per min., and find the thermal efficiency. 

What is the % of re-heat in the first stage? 


B.H.r. 


2;rx2900x252 

83,000 


139-4 


f.h.p. 


I.H.P. 


2tt x 2900 x 17-5 

33,000 “ ” 9 7 

-Tiifl 


H at 154 lb. per sq. in. and 210° C. 
h in feed 


= 682 c.h.u. 
- 32*5 


Heat supplied 

Heat converted into i.h.p. per lb. of steam 


- 049-5 
149 x 33,000 
~ 1400x40-53 


Thermal efficiency — * * — 11 62 %. 

049*0 


75*5. 


From the Mollier diagram for conditions 154 lb. at 210° C. and 14-2 lb. at 108° C. 
the adiabatic drop is 102 c.h.tt. and the re-heat 64 c.h.u. 

64 

Percentage re-heat = — r x 100 = 62-7 %. 


Heat supplied measured from hot well temperature 

= 46-53 x 6495 =30,200 

Heat to cooling water 

= ] 5-3 x U>(>5 — 25,450 

Heat to b.h.p. 


Heat to f.h.p. 

= " 228 

Unaccounted for 

= 1,242 


EXAMPLES 

1. Re -heating due to blade friction and horse-power developed. (I.M.E.) 

The heat drop utilised in the nozzles of one stage of a steam turbine amounts to 
65 B.T.tr. per lb. of steam, and the condition of the steam as it leaves the nozzles is 0*98 
dry at a pressure of 105 lb. per sq. in. absolute. The nozzle discharge angle is 14° and the 
blade angle at outlet is 20°, blade speed 800 f .p.s. , blade velocity coefficient 0*8. Estimate 
the condition of the steam as it leaves the blades and determine the horse-power 
developed if the steam flow is 3*5 lb. per sec. Arts, x =0-992; h.p. = 274. 
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2. Blade angles and diagram efficiency. 

The bucket speed of a simple impulse turbine is 1300 ft. per sec., the axis of the nozzle 
is inclined at 20° to the plane of the wheel and steam leaves the nozzle at 3500 ft. per sec. 
Find the bucket angle at entrance if there is no shock. 

If the exit angle is the same as the inlet angle, find the absolute velocity of the steam 
as it leaves the bucket and also the bucket efficiency (a) neglecting friction, (5) when 
the friction factor = 0*75. 

Ana . Without friction, bucket angle = 32°; With friction, bucket angle == 32°; 
Leaving velocity, 1370 and 870 f.p.s.; Efficiency, 85 and 72*9 %. 

3. Velocity compounding, axial discharge, efficiency and angles. (B.Sc. 1929.) 

A pressure-compounded impulse turbine runs at 950 r.p.m. and is supplied with dry 
saturated steam at 195 lb. per sq. in., exhausting at 10 lb. per sq. in. The first stage uses 
one-twelfth of the adiabatic heat drop and is compounded for velocity by means of two 
rings of moving blades separated by fixed blades, and the mean diameter of the blade 
ring is 55 in. The nozzle angle is 23° and the moving blades have a common discharge 
angle of 30°. 

Assuming a velocity coefficient of 0*85 and a nozzle efficiency of 90 %, find the diagram 
efficiency and the proper delivery angle for the fixed blades for axial discharge from the 
stage. Ana. Diagram efficiency, 69-8 %; 24*75°. 

4. Impulse turbine, velocity diagram. (B.Sc. 1937.) 

In a stage of an impulse turbine which is compounded for velocity there are two rings 
of moving blades the discharge angles of which are 30° in both cases and the mean blade 
speed is 280 ft. per sec. The nozzle and the fixed blades have a discharge angle of 20°. 
The steam in the nozzle box is at 170 lb. per sq. in. pressure, superheated to 250° C., 
and the pressure in the wheel chamber is 90 lb. per sq. in. 

Draw the velocity diagram and find the diagram efficiency and the horse-power of 
the stage when the steam consumption is 40,000 lb. per hr. Take a nozzle efficiency 
of 90 % and assume that friction causes a 15 % reduction in the velocity of the steam 
relative to the blades. Ana. 66 %; 538 h.p. 

5. Velocity compounding. (B.Sc. 1934.) 

The following particulars refer to a stage of an impulse turbine compounded for 
velocity in which the steam supplied to the nozzle box is at a pressure of 150 lb. per 
sq. in., superheated to 220° C.: 

Pressure of steam in wheel chamber, 80 lb. per sq. in. 

Discharge angle for two rings of moving blades, 30°; discharge angle for nozzle and 
single row of fixed blades, 20°. 

Find (a) the velocity of the steam as it leaves the nozzle if the nozzle efficiency 
is 88 %; 

(6) The blade speed for the final discharge to be axial, assuming that friction causes* 
a reduction of 16 % in relative steam velocity for fixed and moving blades; 

(c) the diagram efficiency of the stage. 

Ana. (a) 1565 f.p.s.; (6)306 f.p.s.;(c) 68*2%; 
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6 . Re-heat factor and efficiency. (B.Sc. 1925.) 

Explain what is meant by “re-heat factor” in steam turbine design. An impulse 
turbine consists of eight stages and the efficiency of each is 70 %. The steam supply is 
at 215 lb. per sq. in. and 250° C., and the pressures in successive stages are in geo- 
metrical progression, the condenser pressure being 1-5 lb. per sq. in. Find the re-heat 
factor for the turbine and the steam consumption per horse-power hour. 

What is the thermal efficiency of the turbine? Am. 1057 ; 10-17 lb. ; 74%. 

7. Auxiliary exhaust into a turbine. (B.Sc. 1932.) 

The high-pressure turbine of a marine installation receives 12-5 lb. of steam per sec. 
at 225 lb. per sq. in., 100° C. superheat, and expands to 27 lb. per sq. in. with an efficiency 
ratio of 0-7. The steam then passes to the low-pressure turbine receiver, but there is a 
throttling drop of 2 lb. per sq. in. in the Connecting pipe. Expansion takes place in the 
first stage of the low-pressure to 16 lb. per sq. in. with an efficiency ratio of 0-73. 

The auxiliary generator turbine exhaifet of 2-5 lb. per sec. is led to this stage, which it 
enters at 16 lb. per sq. in. and 2 % wet.- The total flow of 15 lb. per sec. then expands 
through the remaining sections of the low-pressure turbine and leaves it at 1-1 lb. per 
sq. in., 0-93 dry, with a velocity of 600 f,p.s. 

Calculate the total power developed. Am. 5125 h.p. 

Reaction turbines. 

The high initial cost of nozzles and discs is avoided if we make the blades of 
such a form that they can expand the steam as well as alter its direction of flow. 

In the reaction turbine expansion through the blades is secured by making the 
blade rings a good working fit betw een the rotor and the casing, and by providing 
convergent passages between adjacent blades. 

The fixed ring of blades discharges the steam on to the moving ring at a velocity 
appropriate to the enlarged area at entry. Subsequent expansion through the 
moving blades increases the magnitude of the velocity, and this alteration, 
together with the changed direction of the steam between entry and exit, causes 
a reaction on the blades from which power is developed. 

Of this type of turbine there are two principal examples : The Parsons’ turbine,* 
and the Ljungstrom. In the Parsons’ turbine the steam flow is axial, whereas 
in the Ljungstrom it is radial. The Ljungstrom has also one other important 
difference, and that is both systems of blades move in opposite directions, thereby 
obtaining a high relative velocity for a moderate rotational speed. 

In the Brush Ljungstrom turbine illustrated in Fig. 236 each half of the turbine 
drives its own alternator through the horizontal spindle; the alternators being 
tied electrically to compel them to rotate at the same speed. The greater pro- 
portion of the expansion proceeds radially, since the increased area for flow, which 
attends the increase in radius, allows the blade heights to be sensibly constant. 
Although usually the last two stages in the expansion are completed in an axial 

* The first Parsons’ marine turbine was radial flow because Messrs Clarke Chapman 
and Co. retained Parsons’ patent for the parallel flow type. 
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direction because of the centrifugal bending stress on the long blades of the 
radial flow machine. 

This type of turbine is very powerful for a given size and weight, and since the 
casing is removed from high pressures and temperatures, the machine may be 
started easily and quickly from cold. 

The profile of a reaction blade is the same for both the fixed and moving systems 
of blades, and since the passage between adjacent blades allows for only a small 
drop in pressure a large number of rows of blades have to be employed. 

The fall in pressure as the steam passes through each row of blades, together 
with the friction loss, causes the specific' volume of the steam to increase from 
row to row; so that in axial flow turbines (if the velocity ratio is to remain 
constant) the blade lengths should increase progressively towards the exhaust 
end. 

In practice it is found that at the high-pressure end of the turbine the increase 
in specific volume, consequent on a reduction in pressure, is not very great; so 
with a view to cheapening the turbine, at the expense of a slight variation in 
velocity ratio, many rows of blades have the same height, and are grouped into 
what are known as Groups or Expansions. 

Fig. 237 shows a section of an early type of Parsons’ turbine. It reveals that 
it is but one large stepped nozzle formed from these expansions. In more 
modern turbines the r.c.D. of the blades falls on one or more cones instead of on 
cylinders as in Fig. 237. 

At the low-pressure end of the turbine the specific volume increases so rapidly 
that an Expansion is restricted to a reaction pair, and even then, with the 
blade length limited by vibration and centrifugal force considerations, it becomes 
necessary to maintain the steam flow by oi>ening out the blade angles. 

Reaction blading.* 

The majority of the blading used in Parsons’ turbines is made from rolled 
sections, the blades being attached to the rotor or casing by serrations. 

The advantage of this form of attachment is that the blade can be inserted into 
the groove and twisted into position, and that, by varying the width of the groove, 
various blade angles may be produced from a common rolled section. 

Variations in groove width produce four types of blades, namely: normal, 
l wing, \ wing, and f wing blades, which have exit angles of approximately 20°, 
25°, 30° and 34°. 

The full wing blade is made from another blade section and has a discharge 
angle of about 45°. Normal blades are in most general use and their widths 
range from \ to 1 \ in. by eighths of an inch. Because of the different widths of 
groove into which the blades are inserted, the term nominal width is used to 
designate the particular series of blades. 

* See example 44 Efficiency of reaction turbine blading”, p. 855, 
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The distance across the exit passage between two adjacent blades (see Fig. 238) 
is known as the Gauging, the ratio being constant for any particular 


radius. This ratio is of importance, as it 
oontrols the steam flow through a ring of 
blades and the pressure drop across the ring 
thus: 

Let D be the internal diameter of the 
casing, d the external diameter of the rotor ; 
then the clear area for flow between adjacent 

blades is ^ — x Gauging. 

A ! 

The number of gaugings per ri&g of 
blades is j 

Mean circumference 
Mean pitclT 



Fig. 238. Reaction blading. 

n(D + d) 

2 mean pitch * 


Hence the area for flow per ring of blades is 


(-P~ d ) Mean gauging n(D + d ) _ n _ Mean gauging 
2 Mean pitch 2 4 ' Mean pitch 


In general this becomes 


Area for flow per ring of blades 

= Annular area between rotor and casing 


Gauging” 

Pitch 


The ratio f° r normal, J wing, \ wing, | wing and full wing blades is 0-36, 

0*42, 0-47, 0-54 and 0-63 respectively. Because of the convergence of the streams 
on each side of the blade these ratios may be taken as sin a. 


End -tightened blading. 

The pressure difference that exists over reaction blading may cause a serious 
increase in steam consumption, without any increase in power, unless provision 
is made to limit the leakage of steam over the blade tips. 

Originally the ends of the blades, opposite the rooting, were thinned down to 
a feather edge and the rotor was then mounted in a lathe, and the feather edges 
rubbed down with emery cloth until the tip clearance, between the blades and 
the casing, was between 0-01 and 0-06 in., depending upon the diameter of the 
* rotor. 

introduction of improved Thrust or Adjusting blocks has made it simpler 
and safer to secure a small axial rather than a small radial clearance, and, unlike 
lihe r adi al clearance, axial clearance is capable of adjustment during service by 
removing packing from the front of the thrust block casing. 
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To secure this axial clearance both moving and stationary blades carry over- 
hanging shrouds (see Fig. 235), which are thinned down to a feather edge so that 
in the event of accidental contact of the moving and the stationary components 
destructive heating by friction is avoided.* 

The shrouding of the moving blades almost touches the rooting of the stationary 
blades and vice versa, and to bed the two together the thrust block is adjusted, 
during trials, to give momentary contact. 

In designing the rotor it is arranged that the resultant steam thrust is towards 
the nozzle box end and tends to reduce the clearance — entire reliance, to prevent 
contact, being placed in the thrust block. 

When manoeuvring marine turbines the end clearance is considerably increased 
to avoid contact of the shrouding due to a change of thermal expansion and 
varying thrust. At sea the clearance is set back to the amount determined by 
the thrust block packing. In the l.p. turbine radial packing is employed to 
allow for movement of the rotor under astern steam. 

Velocity diagram for a reaction turbine. 

Since, in this turbine, the moving and fixed blades are all made from the same 
rolled section, the velocity diagrams for the steam entering and leaving the 



Fig. 239. Velocity diagram for reaction turbine. 

moving blades must be identical. This means that the heat drop in the moving 
blades must be sufficient to overcome friction and increase to V it so that the 
axial velocity of the steam leaving the moving blades must be equal to tlhat 

* The feather edge on packing was tho invention of the late Sir Charles Parsons. 
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leaving the fixed blades. Under these conditions we have a uniform flow of steam 
through the blades, and this flow is practically independent of blade speed. 

In practice the heat drop per row is so small that for symmetry of the velocity 
diagrams very precise gauging of the blades would be necessary; hence velocity 
diagrams for reaction blades are mainly of academic interest. 


Best velocity ratio of a reaction pair.* 


Since the specific volume ot the steam progressively increases throughout an 
expansion, whilst the area for flow remains constant, it is rather ambiguous to 
speak of the velocity ratio of an expansion, since for the previous reasons the 
steam speed progressively increases, whilst the blade speed remains constant. 

In design work the velocity ratio at the entrance to the expansion is usually 
employed and has a value of 1 to 1*1, so that the average value for the expansion 
is of the order 0*85. 


The work done per reaction pair by a steam flow of W lb. per sec. is given by 
— ft. lb. per sec., see p. 419. 

g 

The total energy supplied per reaction pair per lb. of steam is the kinetic energy 

in the carry over plus the heat drop in the two rings of blades. 

|/2 yz 

The carry over from the preceding blades is y ° — - . 

/j/2 yz\ ' J 

Heat drop, neglecting friction, = 21—- — ~ I per pair. 

<» \*y - i( ,i f 

] > 1 7 2 

The total energy available per pair per lb. of steam = [ b? — Fjb] -f " . 


But 


V H . 


W f 


Total available energy = t> ^ [2Ff — F 2 J per W lb. of steam per sec. 


Efficiency of reaction pair = 


WV t 82 fj 

imm-WY 


v = 



(i) 


We require the value of S/Vi that will make this a maximum and therefore 
V ri and V t must be expressed in terms of V, L and 8, thus: 

From the velocity diagram 

V 2 ri = (V t sin a) 2 + (V t cos a - S) 2 = V\ - 2 8% cos a + S 2 , (2) 

V e = F*cosa + ^cosa-AS = 2P,coHa-£. (3) 

By (2) and (3) in (1), 

2[2ViQoaa-S]S __ 2[2cosa-j8yj$]£/IJ 
V ~ [V; + 2SV ( cos a -»S' 2 ] “ 1 + 2SJ ^ cos a - (SjV t )* ’ 

♦ This velocity ratio is of little practical importance since reaction pairs are rarely used 
singly. In a group of blades the carry over is virtually destroyed by friction, so the velocity 
of discharge may be taken as that due to the a.h.d. per blade ring. 
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Let y * (v.r.) and 2 cos a = a, then 

~ = 2 [a-(v.R.)] (V.R. ) 

^ l4-a(V.R.)~ (V.R.) 2 * 

For a maximum 

drj 2[{1 + g(v.R.) — (v.R.) 2 } {a - 2(v.r.)} - (a - v.r.) v.r. {a — 2 (v .r,)}] 

d(v ! rT) “ ~ l+a(v.R.)~ (v.r.) 2 9 

x ^ , a , 2cos 2 a 

i.e. a — 2(v.r.) = 0, whence v.r. = - = cos a and — =— . 

2 ' max * l + cos 2 a 

With cl small v.R.^l, which, in the absence of friction, gives an efficiency of 
100 %. Actually this value of cl would not permit any work to be done, because 
no steam could flow. However, the case is similar to that of the Diesel cycle when 
the cut off is zero (see p. 77). 

Ex. Drum diameter, blade height. (B.Sc. 1934 External.) 

A reaction turbine runs at 300 r.p.m. and its steam consumption is 34,200 lb. per hr. 

The pressure of the steam at a certain pair is 27 lb. per sq. in., its dryness = 0*93, and 

the h.p. developed by the pair is 4*5. The discharging blade tip angle is 20° for both fixed 

and moving blades and the axial velocity of flow is 0-72 of the blade velocity. Find the 

drum diameter and the blade height. Take the tip leakage steam as 8*0 %, but neglect 

blade thickness. 

* ■ 

Flow 34200 Lb. per Hour 
Steam 27 Lb. per Sq. In *«0-93 



The solution of turbine questions is greatly facilitated by the aid of a diagram which 
interprets graphically the substance of the question (see Fig. 240). 

The quantities required in this question are d and h t so we must see how these two are 
related to the information given, thus: 

For given steam conditions and axial velocity, the drum diameter and blade 
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determine the mass of steam flowing according to the relation 
Mass flow per sec. : 

£ Yp Volume flow ing per sec. nDh x Axial velocity 

Specific volume ol steam at the particular dryness Specific volume x x 

Effective mass flow allowing for tip leakage 


34,200 7i Dh x 0*72 x S 

" W * °' 92 - 874 lb - " c - = 15 .Wx0.S3-- 

Blade speed S ** x ttD = 57 tD. 

00 

Force on blade in direction of motion = - - --- *Jj m 

V 

. . . ; Mass ilow V, J K 

H.P. per reaction pair £= x S = 4*5. 

r 1 ? q x 550 

f 

From the velocity diagram, which was drawn for Unit blade speed, 

V t = 2 - 9 # = 2-9 xftxnxD, 


whence, by (1) and (4) in (3), 


8-74 x 2-9 x (5nD) 2 


= 4-5. 


g x 550 

• d_± 

•• 5ffV 8-74X2-9 


• Substituting this value in (1 ), 


0 _. (rrD)- x 0-72 x 5h j ~ . 

8-74= v -r~ — ;- no — . h = 0-271 ft. or 3-25 in. 
15-16 x 0-93 

Drum diameter = (3-58-0-271) = 3-31 ft. or 392 in. 


( 1 ) 


(*) 


(3) 

( 4 ) 


Ex. Re -heat factor, power developed and blade height. 

(Lond. B.Sc. External 1933.) 

Define the terra “Re-heat factor” used in connection with steam turbines. A low- 
pressure reaction turbine has the following particulars: steam supply at 30-0 lb. per 
sq. in., 0-9 dry; back pressure 0-9 lb. per sq. in.; steam consumption 1800 lb. per min.; 
speed = 480 r.p.m. Calculate the power developed, assuming that 20 % of the adiabatic 
heat drop is lost in friction in each stage, and taking 1-05 as the re-heat factor. 

Taking the blade velocity as 0-7 times the relative velocity of the discharge steam, 
the blade height as 1/12 of the mean diameter of a row of blades, and the blade angle at 
discharge as 20°, find the desirable height of the blades at a point in the expansion 
where the pressure is 15 lb. per sq. in. Neglect the effects of friction and re-heating. 

For the definition of re-heat factor R see p. 432. 

Turbine efficiency rji = ri,R. ( 1 ) 

In reaction turbines it is unusual to speak of stages, but applying equation (1) to 
the problem, ^ = 0-8x1-05 = 0-84. 
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Adiabatic heat drop, from the Mollier diagram, is 1 12 c.H.rr. 
Useful work done in the turbine per lb. of steam is 


H.P. 


0*84 x 112 = 94 1 c.H.tx 
1800x94-1 x 1400 
33^000 


= 7180. 


From the previous problem, 

Mass flow 


1 800 __ 7T Dh x Axial velocity 
60 ~ Specific volume x x * 


30 Lb per Sq.fN. 15 J»b.per Sq.In. 



( 2 ) 


( 3 ) 


Blade speed 8 = ^ = SnD. 

00 

But S also equals 0-7 V t . .\ V i — 

Axial velocity = F* sin 20° = x 0-342. (4) 

Neglecting friction and re-heat, as stipulated in the question, the adiabatic condition 
at 15 lb. per sq. in. is 0-87 dry. Specific volume at this pressure = 26-27. Hence sub- 
stituting these values in (2) gives 

nD 2 x 8nD x 0-342 
60 ~ 12 x0-7 x 26-27 x0-87 * 

,\ D 6 ft. Blade height h 6 in. 


Ex. Reaction turbine, pressure at end of expansion, heat drop, work done per 
pair and number of pairs . (B.Sc. 1935. ) 

The condition of the steam at the beginning of an expansion in a reaction turbine is 
50 lb. per sq. in., 0-97 dry, and the blade velocity is 125 f.p.s. If the efficiency is 75 % 
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, ,, , . Axial steam velocity 

and the ratio — g la de T elocity * varies m the ex P ansion from 0-58 to 0-78, find the 

pressure at the end of the expansion and the useful heat drop per lb. of steam. 

If the exit blade angle is 20° for both fixed and moving blades, find the work done 
per lb. of steam for the pair half-way along the expansion and estimate the number of 
pairs in the expansion. 

From p. 447, 

Mass flow = x Axia, l velocity 

XV e v ' 

We know that the mass flow, D and A, are constant, and we are given values of axial 
velocity in terms of the blade speed at the beginning and end of the expansion ; it remains 
to find x and t\. 



Since we have but one equation we can only determine the value of the product xv 89 
whereas we actually require v 8 in order to locate the terminal pressure p. The addit ional 
information for the determination of p must therefore be obtained from a Mollier 
diagram. 


By (1), 


Mass flow — 


nDhx 0-58x125 
0-97 x 8*52 


nDh x 0*7 8 x 125 
xv s 


xv 8 at end of expansion = 11*12. 

We know that x is less than the value 0*97 at the beginning of the expansion, but as 
a first approximation take it equal to this, whence 


11*12 

V “ ~ 0-97 ~ 


1 1*47 cu. ft. per lb. 


and the equivalent pressure is approximately 36 lb. per sq. in. 

From the H(f> chart the heat drop, 50 to 36 lb. per sq. in., is represented by 0*43 in. 

Useful drop = 0*43 x 0*75 = 0*322. 

Setting this value down on the H<j> chart gives a re-heated condition of 0*966. 
Therefore xv s at 36 lb. per sq. in. is actually 0*966 x 11*57 = 11*16, which compares 
favourably with 11*12. 

For a more precise value plot p against v s . The useful heat drop per expansion is 
therefore 12 c.h.u. 


whe 


29 
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A mean velocity diagram must now be constructed in order to obtain the work done 

Axial velocity 


per reaction pair, thus: 

The mean value of the ratio 


= 0 - 68 . 


Blade speed 
Mean axial velocity = 0*68 x 125 = 85 f.p.s. 

Knowing the discharge angle and S , the diagram may be constructed and the change 
*in velocity scaled off as 290 f.p.s. 

Work done per lb. of steam per reaction pair 

^ V t S 290x125 
9 

12 


— 1125 ft. -lb. or 0-805 C.H.IT. 

15 . 


32-2 

Hence the pairs per expansion = 


0-805 


Ex. Drop in pressure passing through a turbine pair. 

The drum diameter of a reaction turbine is 7 ft. 2 in., the speed is 750 r.p.m. and the 
steam consumption is 31*3 lb. per sec. At a particular ring the blade height is 6J in., 
and the discharge angle 25°. The pressure at this place in the turbine is 5-7 lb. per sq. in. 
and dryness = 0-97. Estimate the h.p. developed in this particular pair. 

Assuming a turbine efficiency of 75 %, find the drop in pressure whilst passing through 
the turbine pair. 



301-5 



The work done per reaction pair may be obtained by one of two methods: 

(a) By the use of a velocity diagram. 

(ft) By the use of a huge H<j> chart or the Rankine equation if the pressure 
drop is known. 
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In this example sufficient information is given to draw the velocity diagram, thus: 

,, n 0 „ nDh x Axial velocity 

Mass now = 31*3 lb. per sec. = . 


XIK 


•(i) 


6-25 


D = 7 ft. 2 in. + 6£ in. = 7-688 ft. , h = - ~ , xv $ = 0-97 x 66-48. 

Putting these values in (1) gives 

A . , , 31-3 x 6-97x65-48x12 , eortr 

Axial velocity = — t— . r — = 158-2 f.p.s. 


Blade speed = 


7 t x.7-688 x 6-25 
n x 7-«6 s x 750 


= 301 -5 f.p.s. 


From the velocity diagram the work done per reaction pair per lb. of steam is 

375 x 301 


32-2 


3500 ft. -lb. 


, . , 3500x31-3 100 . 

.*. h.p. developed = ■ - = 199-5. 


Allowing for an efficiency of 75 %, the heat drop per pair is 


3500 1 

1400 X 0-75 


3*335 c.h.u. 


When the condition at a reaction pair is quoted it applies to the entrance to the pair 
not to the exit. On referring this to the H(j> chart or steam tables, Ii before expansion 
as 612*4 and after expansion this becomes (612*4 — 3*335) =£=609*06. 

This heat drop is too small to manipulate on the 11(f) chart normally supplied in 
examinations, so take a larger drop of 10 c.h.u., for which the pressure drop is 1*5 lb. 


per sq. in. 

Hence actual drop =£= 


3*335 

10 


x 1*5 =^0*5 lb. per sq. in. 


Alternative solution. 


Total heat finally ^=609 = T 2 -273 + x 2 L 2 . 


T 

$ initially and during expansion = 1*781 = log* 9 ^g 


r 2 L 2 

t;- 


By (1) in (2), 


1-781 


l°g« 273 + 


609 — (T 7 , — 273) 

T* 


( 1 ) 

( 2 ) 


Solving this transcendental equation by trial, 

=£=345° C., 

corresponding to a saturation pressure of about 5 lb. per sq. in., so the pressure drop 
is approximately 0*7 lb. per sq. in. 


29-2 
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•JQ % 

7 ) may be determined approximately from Zeuner’s equation rj = 1*035+ i.e. 


0*Q7 

7) = 1*035 + *—“ « 1*132. 


0132 


1 .] Q2 r /«AM 32 “i 

a.h.d. 5*7x144 x 65*05 x 0*97 I l-(pl J (1) 


But a.h.d. per pair 
Equating 1 and 2 


3500 
“ 6*75 * 

p 2 = 5-08 lb. per sq. in. 

,\ Pressure drop = 0*62 lb. per sq. in. 


*( 2 ) 


EXAMPLES 

1. Work done and heat drop per pair, and condition. (B.Sc. 1929.) 

The blade angles of both fixed and moving blades of a reaction steam turbine are 
35° at the receiving tips and 20° at the discharging tips. At a certain point in the turbine 
the drum diameter is 4 ft. 6 in. and the blade height is 5 in. The pressure of the steam 
supply to a ring of fixed blades at this point is 18 lb. per sq. in. and the dryness fraction 
is 0*925. Find the work done in the next row of moving blades per lb. of steam, when 
the turbine rotates at 600 r.p.m., the steam passing through the blades without shock. 

Assuming an efficiency of 85 % for the pair of rings of fixed and moving blades, find 
the heat drop in the pair and the state of the steam at entrance to the next row of fixed 
blades. Arts. 2395 ft. lb.; 2 c.H.u. ; 92*4%. 

2. Horse-power per pair and blade tip angle. (B.Sc. 1930.) 

The discharge angle of the blades of a reaction turbine is 20°. The axial velocity of 
flow of the steam is 0*6 of the blade velocity. Draw the velocity diagram for the turbine 
pair if the speed of the turbine is 700 r.p.m. and the mean blade circle diameter 3 ft., 
and find what Bhould be the receiving blade tip angle so that the steam shall pass on to 
the blades without shock. 

If the blade height be 3 in. and the state of the steam at this pair be 25 lb. per sq. in., 
dryness 0*98, find the horse-power developed in the pair. Atis. 45° ; 14*8 h.p. 

3. Horse-power per pair and stage and internal efficiency. (B.Sc. 1936.) 

In one stage of a reaction steam turbine both the fixed and the moving blades have 
inlet and outlet blade tip angles of 35° and 20° respectively. The mean blade speed is 
250 ft. per sec. and the steam consumption 50,000 lb. per hr. Determine the horse-power 
developed in the pair. 
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If the adiabatic heat drop for the pair is 5*65 c.h.u. per lb., find the value of its efficiency. 
Also, assuming that each pair in the turbine has the same efficiency, find the internal 
efficiency of the turbine, taking a re-heat factor of 1*1. 

Ans. H.P., 156; Stage efficiency, 78%; Internal efficiency, 85-8%. 


4. Horse-power in pair and pressure drop. (B.No. 1937.) 

The state of the steam at entrance to a certain point in a reaction turbine is 0-95 dry 
at a pressure of 20 lb. per sq. in. The discharge angle of both fixed and moving blades is 
20° and the axial velocity of the steam is 0-7 of the blade velocity. The blade height is 
6£ in., the mean diameter of the blade ring is 6 ft. 6 in. and the turbine runs at 500 r.p.m. 
Find the horse-power developed in the pair, and assuming an efficiency of 72 %, estimate 
the pressure drop in the pair. Neglect blade thickness and leakage. 

Ans. 386; 1-5 lb. per sq. in. 


5. Power per expansion, pressure at «nd of expansion and blade height. 

(Ext. B.Sc. 1932.) 

The first expansion of a reaction turbine is to be designed for a flow of 10 lb. per sec. 
when supplied with dry saturated steam at 200 lb. per sq. in. It is to have eight pairs 
on a mean diameter of 19 in. The speed is 2600 r.p.m. and the average value of 
Blade speed 
Steam speed 

of the working steam is 85 %. The blading outlet angle is 20° for both fixed and moving 
blades. Determine the power, the pressure at the end of the expansion and the blade 
height. Ans. 260 h.p. ; 148 lb. per sq. in. ; 0*628 in. 


r = 0*8. The tip leakage steam at all rows is 8 % of the total, and the efficiency 


THE PROVISIONAL DESIGN OF A STEAM TURBINE 

Even when it is intended to make a thorough analysis of a proposed steam 
turbine it is an advantage to have some simple method of quickly arriving at 
the general proportions necessary to achieve the desired result. 

As a rule the power required is known as well as the speed at which this power is 
to be delivered. Further, the economic pressure range is determined from the 
total cost of the boiler turbine and condenser plant compared with the probable 
thermal efficiency of the whole plant. 

The designer therefore knows the pressure range, but the possibility of using 
gearing allows him some latitude as regards rotational speed. 

For direct driven electric alternators the speed in r.p.m. = where F is 

the frequency and n the number of poles on the machine. 

On marine turbines the speed of the propeller is fixed, and since very few firms 
can cut teeth on a wheel greater than 160 in. diameter, and for engagement with 
this wheel, for suitable load and width coefficients, the pinion should have a 
diameter not less than one foot ; the choice of turbine speed, with single -reduction 
gearing, is strictly limited. 
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Double-reduction gears give greater latitude, but in the past have been a 
source of trouble. 

For powers up to 30,000 h.p. present-day practice appears to favour 3000 r.p.m. 
as suitable both for land and marine service. 

Having fixed the rotational speed, a decision has now to be made as to the 
number of cylinders to be employed. For high pressures it is almost obligatory 
to isolate the high-pressure turbine in a steel casing of its own. Moreover, the 
necessity of the machine to run below the whirling speed of the rotor imposes a 
definite limit on the bearing centres, whilst the maximum rubbing speed of carbon 
glands determines the diameter of the rotor towards its ends, and incidentally 
this again affects the whirling speed. 

With the object of distributing the load over several pinions, and reducing the 
length of the engine room, or meeting wide variation in power, two or three 
cylinder machines are in general use at sea, whilst the improved thermal efficiency 
commends this arrangement for land work, where — as a rule — the cylinders are 
placed in line with flexible couplings between each.* 

For constructional purposes it is desirable to maintain a uniform pitch circle 
diameter (p.c.d.) for the blades in h.p. and l.p. machines, although exceptions 
to this are the first stage of the ii.p. ( if velocity compounding is employed, and 
therefore a high blade speed is essential for efficiency) and the last stage of the 
l.p., where a rapid increase in specific volume of the steam necessitates a large 
area, and therefore diameter, since centrifugal stresses prevent the blade length 
exceeding one-third that of the p.c.d. 

Even this ratio involves the use of special steel and twisted blades, and dia- 
phragm plates, in order to maintain the velocity ratio constant over the length 
of the blade. 

With stainless steel the blade tip speeds may approach 1000 f.p.s., although 
high peripheral speeds aggravate erosion. Seven hundred f.p.s. is therefore a more 
usual figure for the speed at the p.c.d. of the later stages of impulse turbines. 

Proportioning an impulse turbine. 

If the initial and final pressures are known, and a 10 % pressure drop is allowed 
over the governor valve, the cumulative heat drop, H e , for the whole machine, 
may be computed by multiplying the a.h.d. by an assumed re-heat factor (approxi- 
mately 1-05). 

Except for the first stage, convergent-divergent nozzles are avoided, and this 
restricts the pressure drop, per stage, to the critical at maximum load. For this 
condition, in the superheated and supersaturated field, the heat drop per stage 
is approximately 50 b.t.tj. 

Hence the minimum number of single stages —H'J 50, where H' c is the cumu- 
lative heat drop subsequent to the velocity compounded stages. 

* Parsons introduced the double cylinder machine. 
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It has already been shown that the diagram efficiency depends upon the 
velocity ratio (VR), hence this should be the criterion in design. For single- 
bucket wheels, in machines of moderate output, it has a value 0-48 to 0-55; 
hence, if N is the speed in r.p.m., and D is the p.c.d. of the blades in in., then 


Blade speed S = 
Steam speed 


nDN 


ND 


( 1 ) 

(2) 


60x 12 229-2 f * P ' S * 

S _ ND 
(VR) ~ 229-2 (FB)* 

But = 300 *Jrjti 9 where rj is the efficiency of the nozzle, and h is the heat drop 
per stage, i.e. 50 b.t.tj., or 27*8 c.H.u.Jor the superheated field. 

ND 


Vi = 300Vf>c 27-8 = 


229-2 {VR)' 


.(3) 


By assigning a value to y, N and ( VR), D may be evaluated from (3). 


Blades and nozzles. 


To facilitate the construction of cast nozzles it is desirable that their height 
(i.e. the radial width) should exceed half an inch ; whilst, to ensure correct guidance 
of the steam over the blading, the blade heights, at the high-pressure end of the 
turbine, should not exceed the nozzle heights by more than a quarter of an inch, 
and at the low-pressure end by one inch. 

In standard practice cast nozzle plates have about a 2 in. pitch, * a discharge 
angle a of 15°, and are 0*116 in. thick. Towards the low-pressure end all these 
quantities are increased; a may be 30°. 

For the p.c.d. given by equation (3) these dimensions are almost sure to entail 
partial admission, especially on small machines, with its unavoidable windage 
and punching-out loss, for the first few stages. 

To ensure correct guidance of the steam, some designers make the exit of the 
nozzle parallel for about | in., the entrance angle of the blades about 3° greater 
than required by the velocity diagram, and the area through both the nozzle 
and blades about 5% more than theoretically required. 

From an economy standpoint it is desirable to make as many blades from the 
same rolled section as possible, so that the one section is often employed through- 
out the h.p. turbine and in the first stages of the l.p. Hence a mean velocity 
diagram may be drawn for this portion of the turbine, and from it the stage apd 
diagram efficiency obtained. Of course empirical corrections must be made for 
vane, nozzle and disc friction, and all of these corrections depend upon the con- 
dition of the steam at the particular stage. 

It is only after estimating the steam flow that the actual nozzle heights and 
the number of jets per stage can be determined. For rough guidance a flow of 
9 lb. per shaft horse-power hour (s.h.p.) developed may be fairly easily achieved. 

* Built-up nozzles have a very much smaller pitch, about | in. in the first stage. 


i 
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Since turbine casings are split along the centre line, it is imperative that dia- 
phragms, giving full admission of steam, should have an even number of nozzle 
plates, and to avoid breaking h.p. joints, when opening the casing, the nozzles 
should be in the bottom half of the casing. 

To determine the nozzle height and number of jets. 

Let w be the steam flow in lb. per sec., 

A bo the area for flow through the nozzle in sq. ft., 
v be the specific volume of the steam, in cu. ft. per lb. for this stage, 

Vi be the velocity perpendicular to A in f.p.s. 

rru AV i 

Then w = — - . 

v 

From p. 424, A = (p sin a — t)hxn sq. ft., 

y. 

w = ~ (p sin a — t) h x n, (4) 

where p = pitch of nozzle plates of thickness t,h — nozzle height, a = nozzle exit 
angle, n = number of jets. 

-r» . -rr S nDN 

But V ‘ ~ \VE) ~ 60(7/2) ' (5) 

n DN 

By (5) in (4), w = — ^ - (p sin a — t)hn. (6) 

For partial admission all the quantities in (6) are known with the exception of n . 
For full admission n = nD/p , whence h may he determined, thus: 

nDN . nD 

w -WrB)v lpamc ‘- ,)h y 

Ignoring t in comparison with p sin a, for the later stages, 

n 2 D 2 Nh sin a 

w . 

60 (VB)v 

The last stage of the low pressure turbine usually presents the greatest diffi- 
culty in design and construction; on this account it is interesting to examine 
the above equation. 

* h nDN 

For ordinary construction ^ \ and — — > 700 ft. per sec., whence 

7T^D^Nh sin cl 1 407tZ) 2 sin cl 

W ~ ~ 60 (VB)v ~ (TBjp ‘ (7) 

Among other things the power developed by a turbine depends directly on w . 
The equation shows that 10 is most sensitive to changes in D, although the 
maximum value of D is determined once N is decided on. 
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The velocity ratio of reaction turbines is almost double that of impulse tur- 
bines. For this reason a for reaction turbines is about 50° compared with 
approximately 35° for impulse turbines. 

The specific volume v at low pressures increases rapidly with a reduction in 
pressure; high power high vacuum turbines are therefore more difficult to design 
than medium power high pressure turbines. 


Variable velocity ratio. 

In an actual turbine the velocity ratio varies, because of velocity compounding 
and the restricted blade height at the low-pressure end; so that design is hardly 
as straightforward as for a pressure compounded turbine having a constant heat 
drop per stage. However, using the velocity ratio as the criterion of design, we 
have, from equation (3), 

' 5 - 300 ^ ~ vffny <*> 

k ( v< y ( y ~ ( nd y 1 

** 7,1 ~ \300/ “ \229-2(Fi?) x 300/ “ [ VR ) 4-74 xTo 5 ’ 


where 7] = the nozzle efficiency, and h is the heat drop per stage in c.u.T T . 

To simplify construction D was frequently kept constant, although modern 
machines are flared . When D is constant N 2 D 2 j 1 0 9 may be replaced by the turbine 
constant K, which is known to designers as the “K value of the stage”.* 



Extending this expression to the whole turbine 

7i*i + V«*i + %*»+• 

For a flared turbine 

} K K K ”1 

y 1 h 1 + V2 h 2 + r/ 3 h 3 +... = — JJV/fj* + ~ { vi 2 f + (Vllf + ‘"J' 

By assigning an average value to ?/,f and taking h L 4- h 2 4- h 3 4- . . . = 

7j cumulative heat drop H c = - --- Jj VYR J 2 + * ' " J ( * °) 

Knowing the pressure range, the re-heat factor, 7 } , and the velocity ratio, the 
number of stages may be evaluated from the above equation. 

If (VR) were constant throughout the turbine, the number of stages would be 

given by ,/f„4-74(FJ!)’ 

* ~~ K • V ’ 


k r 1 i i 


* Sir Charles Parsons introduced this quantity, which is often known as “Parsons* 
coefficient 

t For the h.p. turbine 90 to 94 % when using superheated steam; for the l.p. turbine 
' 77=^90. 
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Ex. Provisional design of geared turbines for a merchant ship. 

The turbine machinery of a twin-screw vessel is to develop 5200 s.h.p. for a steam flow 
of 8*75 lb. per s.h.p., a propeller speed of 90 r.p.m., and a gear ratio of 40. Initial con- 
dition of steam, 200 lb. per sq. in. gauge, 110° C. superheat. Terminal pressure, 1 lb. per 
sq. in. absolute. Determine the leading dimensions. 

For reasons given on p. 454 each turbine will have two cylinders developing equal 
power, but before we can estimate the number of stages per cylinder we must obtain 
the h.p. exhaust pressure to give equal power, thus: The total a.h.d. = 216 C.H.U., so 
that roughly 108 o.h.ti. are released in the h.p. turbine; and reference to the H<f> chart 
shows that the terminal pressure in the h.p. for this heat drop is approximately 23 lb. 
per sq. in. absolute. 

If we assume a re-heat factor of 1*04 for the h.p. turbine and 1*06 for the L.P., 


H c for h.p. = 108 x 1-04 = 112-3 c.h.tj. 

For reasons given on p. 413 the first stage will consist of one double-bucket wheel, 
for which we may take (VB) as 0-23, and for the succeeding single-bucket wheels as 0-46. 
From p. 457, 


(N*D* 

i x J_. 

r 1 + 1 - + 1 

\ io”, 

14-74 



-(1) 


Let n be the number of stages in the h.p. turbine, then 


_ (N*D*\ 

vH ° ~ V io» / 


i 

x — T 


f- 


(n-1) 


' 4-74 UVJtJ 2 
Taking »/ = 0-9 and N = 40 x 90 = 3600 r.p.m., 


-f- ' ' - 

‘ / T / T'l 


w 


]■ 


0-9x112-3 


36002 xz > 2 i r i (»- in 

10 B * 4-74 LO-23 2 + 0-46 2 J ’ 


We are now at liberty to choose either D or n, for the above equation shows that we 
could have a small diameter and a large number of stages, or a large diameter and a 
small number of stages. Actually the whirling speed and cost determine the largest 
number of stages for a given shaft, and, in the absence of previous experience, it would 
have to be evaluated in the provisional design. The smallest number is determined by 
H 

c.h.tj. , if convergent-divergent nozzles are to be avoided. 

If we take n as 9, then 


0-9 x 112-3 xl0 5 x 4-74 
36002 [b : 23~ 2+ 046*] 


= 652. 


D = 25| in. 


The r.c.D. of the l.p. turbine is determined by the area required to pass the steam 
through the last row of blades, and this involves a knowledge of the terminal dryness 
fraction. This we may take as 0*9, since the superheat would be chosen to maintain the 
steam fairly dry in the l.p. and thereby limit the effect of erosion (see p. 494). 

Specific volume v at 1 lb. per sq. in. at 0*9 dry 300 cu. ft. per lb. 


Steam flow through the turbine 


8*75x2600 

60 2 


~ 6*32 lb. per sec. 


“4. 


Taking a tentative value of a, 30°, sin a = J, ( VR ) = 0*46; whence by equation (7), 
p. 456, 


a /300 x 0-46 x 300 x 6*32 x 2 



459 


The Theory of the Steam Turbine 

With this diameter and rotational speed the blade speed = = 471ft) s 

12 x 00 '* ' 

471 — 

Steam speed = = 1023 f.p.s. = 300 Vyfc. 


t]h = 11-65, and with rj = 0-9, h = ^-jj^=£=13 c.h.u. 

The heat drop is within the critical pressure range, so that only convergent nozzles 
are required. 

To determine the number of l.p. staged we have, by equation (11), p. 457, 

108 x 1-06 x 0-9 x 4*74 x (0-46) 2 x 10 9 „ 

W = 3G00W 8tag ° 8 - 

Ex. Low-pressure turbine. | 

t 

A low-pressure turbine consists of six single-bucket wheels each 34 in. p.o.d. The 
nozzle height of the last stage is 3 \ in. aijd the turbine runs at 4000 r.p.m. 

If the initial and final conditions of thte steam are 25 lb. per sq. in. and 190° C. and 
0-8 lb. per sq. in. absolute, the steam flow is 265 lb. per min. Re-heat factor = 1*05; 
nozzle efficiency 80 %; efficiency ratio 70 %. Determine 

(a) The power developed. 

(b) The velocity ratio, if it is the same in all stages. 

(c) The state of the exhaust steam, the terminal loss and the discharge angle of the 
last nozzles. 

You may neglect the thickness of the nozzle plates. 

Since 0-8 lb. per sq. in. is not shown on the H<f> chart, the a.h.d. and dryness fraction 
must be obtained from steam tables. 


Temperature of steam initially = 190° C. 

Saturation temperature at 25 lb. per sq. in. = 115*6 
Degree of superheat = 74*4° C. 

Entropy^ - = 1*806 

Total heat initially = 683*1 

T 2 <f> 8l = 307*7 x 1 *806 = 555*5 

127*6 


G % at 0*8 lb. per sq. in. 

A.H.D. 


= 2*1 
= 129*7 C.H.U. 


Setting this length off on the H<j> chart and allowing for an efficiency ratio of 70 % 

gives a re-heated dryness of 0*97. 

, , , 0*7x129*7x265x1400 

h.p. developed = 


1022 . 


33,000 

. N 2 D 2 1 f 6 1 

Nozzle efficiency x Cumulative heat drop = - jqIT x 4/74 

^ ^ 4000 2 x 34 2 1 T 6 1 

0*8x129*7x1*05 - x 4*74L(Fi2) 2 J * 


/. (VR) = 4x34 


J 


6 

4740 x" 0-8 x 1-05 x 129-7 


0464. 
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To obtain the terminal loss and the discharge angle of the last nozzle. 

Stage efficiency = i) a = ^ = jy; = 0-666. 

But t/, = Nozzle efficiency x Diagram efficiency. 

. Tv « . 0-666 AQ __ 28V t 

. . Diagram efficiency ij a = - = 0-833 = 


0-833 = 2 


= 2 5 ® = 
y.\v t ) 

0-833 


WR)y ( ' 
0-9 V { . 


••• v *~2iZm* v <- 

Taking V x — 10, V T = 9 and S = 4*64, a velocity diagram can be constructed, if 
the friction loss on the blades is ignored and the blade is regarded as symmetrical. 


.(1) 


2P,jCos /? = 9, 

V ri sin /? = 10 sin a, (2) 


.(3) 



F ri cos /?+ 4*64 = 10 cos a. 

By (2)/(l), tan/? = y sin a. 

By (1), F H cos/? = 4-5. 

(3) becomes 9* 14 = 10 cos a. 
cosa = 0-914, a ^24°. 

F*= (F f sina)*+(N-F rt cos/?)*. 

With V ( = 10, F 2 = (4-067 2 + 0-14 2 ) = 16-57. 

Specific volume of steam at 0-8 lb. per sq. in. = 411 cu. ft. per lb. 

tt x 34 3-5 

Neglecting the thickness of the nozzle plates, the area for flow = — x j 9 = 2-593 

8q,ft - a * , , 265x411x0-97 , _ 

• • Axial velocity = — HaTTo^TTq — = 680 f -P- s - 


FjSina = 680. 

= 0-1657. 

.’. Terminal loss in c.h.u. per lb. of steam 


60x2-593 
.*. F.^1670 f.p.s. 

*. F 2 = 1670 2 x 0-1657. 


F 2 1670 2 x 0-1657 _ 

2 gj 2 x 32-2 x 1400 “ 5 ' 12 C • H • XT • 

Proportioning a reaction turbine. 

In a reaction turbine is generated by a heat drop h in the blade together with 
the kinetic energy in the carry over steam. 

If V is the efficiency of each blade ring calculated on the total available energy, 
then 


II. 

2gj 


*+ 3 )- 


(i) 
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But from p. 444, V 0 = V ri , and by equation (2), p. 445, 

v l = <S 2 ^-^cosa+lj. 

s 

For a maximum efficiency ^ = cos a. (2) 

*i 

V\ = ' st2 [ co ^ 2 “- 1 ] = 'S' 2 tan 2 a. (3) 

By (3) in (1), V\ — 2(7«/^A + ?/& 2 tan 2 a, 

i.e. (cosa) ~ r l^^ &n2a = tyJyh. (4) 

Let H be the cumulative heat drop per expansion and (NR) be the total number 
of rows of both fixed and moving blades in the expansion; then 

* * wm- <5) 

S 2 

By (5) in (4), 221 iL_ -JSTTy « - 22 ^- 

Hence the number of rows (NR) (for the best velocity ratio) is 

H x 2gJycos 2 a 

= 7 ND \ 2 , ”7“* ( ’ 


The heat drop H per expansion is determined from the condition that the 
pressuie ratio Initial pressure per expansion 

Terminal pressure per expansion 

should not exceed 1*5. 

The revolutions of the turbine are more or less fixed by the purpose for which 
the power is required, whilst the diameter D depends mainly upon the allowable 
skin speed of the drum. This varies between 250 and 350f.p.s., although these 
values may be doubled by employing separate discs and steel blades. 


Ex. Determine the number of rows of blades in the first expansion of a high-pressure 
reaction turbine, given: Initial condition of steam, 200 lb. per sq. in. absolute, 200 i . 
superheat; exhaust pressure, 21 lb. per sq. in. absolute; rotational speed, 3200 r.p.ra., 
estimated pitch circle diameter, 15J in. 

The pressure ratios per expansion are 

Pi = ...*l-5. 

Vi Vi Vi 

Pi 200 

Multiplying these together, - - > (l*5) n = "gj"* 
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The number of expansions n is approximately 6 and p 2 — 137 lb. per sq. in. 

Heat drop from 200 lb. per sq. in. at 200° F. to 137 lb. per sq. in. is approximately 
40 B.T.U. 

For normal blades the exit angle is 20°, which gives the best velocity ratio, cos a, 
as 0-9397, the blading efficiency 7) for this ratio being about 0-88. 


Number of rows 


40 x 64-4 x 778 x 0-88 x (0-9397)* 


In practice this number would be far too great to be accommodated on the rotor 
without causing it to whirl; so, at the expense of efficiency, the velocity ratio mjght be 
reduced to about 0-6, with a reduction in efficiency to 0-8 and in the number of rows to 
about 12. 


Steam flow through a turbine. 


Since a turbine is but one large nozzle the steam flow is independent of the 
terminal pressure, so long as this is less than the critical, and is given approxi- 
mately by 


w = K 


JZ\b. per sec., 


(i) 


where p is the pressure in the high-pressure nozzle box, and v is the corresponding 
specific volume, K being a constant. 

The usual method* of controlling the power output of a turbine is by throttling 

the steam supply to the nozzle box, and since a linear relation exists between the 

product pv and total heat H > then in a throttling operation with H constant 

pv is also constant. t . /rtV 

r 1 . . pv = e; (2) 

Ip 2 

whence by (2) in (1), w = K J — = kp. 


Hence the steam flow is directly proportional to the nozzle box pressure. 
Advantage is taken of this for making the regulation of turbo feed pumps 
automatic by taking a tapping off the main turbine, where the pressures and 
temperatures are more appropriate for this auxiliary. 

For machines subject to wide variations in load, throttle control is augmented 
by nozzle control, in which the number of first-stage high-pressure nozzles is 


* To avoid the throttling loss sometimes the number of nozzles supplying the steam is 
varied, and in reaction turbines an impulse wheel is often fitted for this purpose. For a large 
reduction in power it is customary to fit, in naval craft, a cruising turbine, which is either 
disconnected at full power, or run in a vacuum. 

f Callendar’s equation for the specific volume of superheated steam is 

— «*>- Q.Q0212, 

P 

With H constant, as in a throttling operation, pv = c. 
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varied; even with throttle governing overloads are met by passing a portion of 
the steam to later stages, so as to increase the number of high-pressure nozzles 
and thereby the steam flow. 

Governing. 

The object of a governor is to maintain the speed of the turbine constant 
irrespective of variations in the load applied to the turbine. 

For this purpose a centrifugal governor, driven by worm gears at a speed less 
than that of the turbine, is usually employed to operate a double beat valve 
(see p. 236), which throttles the steam and reduces the steam flow, as shown on 
p. 462. 

In small machines a mechanical linkage couples the governor to the valve, but 
in order to augment the effort of a small governor, to produce rapid response, 
and also to render the centrifugal governor applicable to large machines, an oil 
relay is used to replace the mechanical linkage. 

As a protection against accident to the turbine in the event of abnormally low 
lubricating oil pressure it is usual to connect the oil relay with the lubricating 
system, so that the relay acts as both a speed control and a safety device. 

The remarkable precision with which turbo-alternators are now governed 
(electric clocks run off them) reflects great credit on the design of the governor, 
its connecting mechanism with the Warren clock and particularly the double- 
beat valve. 

Blading" 1 . 

Blades may be considered to be the heart of a turbine, and that all the other 
members exist for the sake of the blades. Without blading there can be no power, 
and the slightest fault in blading means at the best a reduction in efficiency, or 
at the worst lengthy and costly repairs. 

Experience has shown that little more can be done to improve the shape 
originally adopted for blades, in which the cross-section is made up of arcs of 
circles, and straight lines. Recent advances in blading have been directed to the 
use of better materials for withstanding the high temperature and the high stress 
conditions, and to chamfering and rounding the flat faces. 

Materials. 

The materials available range from brass, bronze, manganese copper, monel 
metal, mild steel, nickel steel, stainless and austenitic steels, and stainless iron. 

The selection of the material is governed by 

(а) The ability to produce the blade section free from flaws. 

(б) Ease of machining. 

(c) Cost. 

* C. D. Gibb, “The influence of operating experience on the design and construction of 
turbines and alternators ”, Joum. Inst. Eng. Australia. 
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(d) Ductility to allow of rolling to shape. 

(e) The tensile strength of the material at high temperatures. 

(/) The ability to resist corrosion due to C0 2 and oxygen attacks and chloride. 

(g) The resistance to erosion in the late stages of the low-pressure turbine. 

(h) The capacity for being brazed or welded. 

For modern high temperatures and pressures the non-ferrous group are un- 
satisfactory owing to the reduction in tensile strength with temperature. 

Taking all factors into consideration, low carbon stainless steels appear to 
satisfy the previous conditions. 

Production of blades . 

The following are some of the methods adopted for the production of blades: 

(1) Sections are rolled to the finished size and used in conjunction with packing 
pieces. This method has the advantage of cheapness combined with material of 
uniform quality, since rolling elongates any flaws in the direction of the length of 
the blade. Such defects therefore will hardly weaken the blade when under 
combined bending and centrifugal force. 

(2) Blades are sometimes machined from rectangular bars. This method may 
also claim the same advantages as (1), but to a lesser extent. 

(3) The use of drop forged blades is not to be recommended, because internal 
flaws are not elongated along the length of the blade in manufacture. 

(4) Extruded blades, in which the roots are left on for subsequent machining, 
are not as reliable as rolled sections, because of the narrow limits imposed on the 
composition of the blade material by the extrusion process. 

Low-pressure blades. 

Since the output of a turbine is governed by the area through the last row of 
blades it is obvious that this should be as large as possible, which means that the 
blades must be long or the pitch circle diameter great. 

A long blade is objectionable because 

(a) The space between adjacent blades may increase so much from the root to 
the tip as to affect adversely the steam flow through the blades. 

(b) The blade speed varies from root to tip, and if the steam is to flow on to 
the blade without shock the blade must be twisted, see p. 768. 

(c) The stress at the root of the blade becomes great at tip speeds of 1000 f.p.s. 
For this reason, and that of stability, low-pressure blades are not made longer 
than one-third of the drum diameter, and even then the blade section is frequently 
tapered from the tip to the root, although here again tapering interferes with the 
shape of the steam passage. 



Hollow blades. 
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The ideal blade is one which, whilst giving the most efficient control to the 
steam, is at the same time uniformly stressed. These conditions are satisfied by a 
hollow blade, which has beeh developed by Parsons (see Fig. 245 ). In addition, 
hollow blades do not impose such severe stresses in the rotor, and therefore 
increased speed, leading to increased output, is possible. 




Vertical Section Through Root 


Fig. 245 . 


With a view to reducing stresses in low-pressure blades, Messrs Metropolitan 
Vickers make the blade tapered and incline it to a radial line, so that centrifugal 
force tends to offset bending due to the steam reaction on the blade. To obtain an 
axial discharge over the whole length of the blade, the blade is machined in the 
form of the frustum of a cone, which gives the blade the appearance of being 
twisted. This satisfies the previous condition, and simplifies machining. 


Blade rooting. 

In Parsons’ turbine the blades are attached to the drum or casing by serrations 
which have a strength almost equal to the breaking strength of the blade. The 
advantage of this rooting is that the blades can be inserted in the groove at the 
position they are to occupy, and then be twisted into their final position. Impulse 
blades with Tee section roots must be threaded along the groove from an enlarge- 
ment in the groove at a point along the circumference of the disc, a specially 
shaped stopper blade being used to fill the gap and complete the blading. 
Present day marine practice is to braze the blades together in segments which are 
attached to the drum and rotor by soft iron side packing pieces that are caulked 
in position. 


WH E 


30 
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For larger blades running at high speed it is claimed that the Bateau type of 
rooting has greater strength. In its simplest form the blade is forked and fitted 
astride of the rim, being secured in this position by rivets. To secure long blades 
multiple forks are provided. 



Cover. 



Rateau type of blades 
Fig. 246. 


To ensure that every particle of steam is turned through the desired angle, 
cover must be provided to nozzles and blades 
alike (see Fig. 247). This overlapping of the 
blades is a minimum at the greatest radius, so 
that it need only be investigated for this point. 



Blade Angle 
at Entry 


Shrouding. 

To provide stiffness against vibration, and 
give correct guidance to the steam, it is usual to 
tie the outer ends of the blades together by a 
perforated ribbon of metal known as a shroud. 

Where stress considerations are of primary im- 
portance, as on the last rows of low-pressure blades, this shroud is omitted. 

As the l.p. blades are longer, lacing or binding wires are also silver-soldered 
to connect bundles of blades together at various radii. This tends to prevent the 
natural period of vibration of the blades being an exact multiple of the running 
speed of the machine. 


Fig. 247. 
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Turbine glands. 

Glands are provided to limit the leakage of steam, or, in the ease of the low- 
pressure turbine, the leakage of air through the clearance space which separates 
the rotor from the casing. 

With the high pressures and speeds that exist to-day the design of a gland, of 
small dimensions, that will drop the pressure one hundredfold without mechanical 
contact and without much leakage is a problem of some magnitude. 

There are three main types of gland in use, namely: the Labyrinth, the 
Carbon ring and the Water-sealed gland. 

(A) Labyrinth gland. The labyrinth gland was the invention of Sir Charles 
Parsons, and examples of this type a*e shown in Fig. 248. It is a gland which has 
survived the test of time, and is used^oaore extensively than any other type. 

As its name implies, the gland consists of a scries of intricate passages (laby- 
rinths) which are designed to destroy the kinetic energy developed by the steam 
leaking through the clearance space. In consequence of this conversion of 
mechanical into thermal energy in the expansion chambers E a pressure drop is 
essential to initiate a fresh flow of steam through the clearance space C from one 
compartment to the next, the sum of the pressure drops being equal to the pressure 
difference over the complete gland. As the subsequent elementary theory will 
show, the larger the number of expansion chambers, the smaller the pressure drop 
over each and therefore the smaller the leakage. 


Elementary theory of labyrinth packing. Thermodynamically the gland 
wire draws the leaking steam, and since in this operation the total heat remains 
constant, Callendar’s equation for the superheated region becomes 


v = 


2-2436 


(H- 464) 
P 


or pv =s= c. 


For an elementary drop dp in pressure the work done per lb. of steam = vdp 
and this creates velocity F, so that 


Y1 

2 g 


— vdp, 


( 1 ) 


dp being negative in itself. 

If A is the effective leakage area in sq. ft., then the leakage of steam in 
lb, per sec. 

AV m 

= = w t (2) 


or 


a A 2 V 2 

w 2 ■» — o — * 


( 3 ) 


30*2 
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By (1) in (3), 
But 


whence 
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A 2 2gdp 

w 2 = — -■ . 

V 


pv = c. 

. i [_p. 

• • 3 

V c 


w 2 


A 2 2g 

c 


pip. 


For a complete gland there are n throttlings to produce a pressure drop p x to 
p z , each elementary pressure drop giving a discharge of w lb. per sec. Although this 
discharge passes in series from one opening to the next, yet at each enlargement 
the velocity is destroyed and the flow has to he re-started, so that with n openings 
we have really started a flow of nw lb. per sec. 


nw 2 — 


2 gA 2 

_ . j 

J Pi 


gA 2 , 


P&P = -~~~[pl-p%\- 


w ’ = aJ? c (p 2 -p 2 ). (4) 

From equation (4) it will be seen that the requirements, in order of importance, 
for a small leakage loss are 

(1) The leakage area should be a minimum. 

(2) The pressure drop should not be large. 

(3) The number of throttlings should be large.* 

The practical requirements are 

(1) The gland should be non-corrodible, and capable of withstanding the 
temperature to which it is to be subjected. 

(2) To avoid destructive heating in the event of accidental contact of stationary 
and moving parts, the throttling edges should be thin, the material should wear 
rapidly, and the resulting expansion should tend to separate the parts. 

(3) The gland should not add materially to the length of the bearing centres, 
otherwise the whirling speed of the shaft will be seriously reduced, or, if the shaft 
is stiffened to avoid this, the gland leakage area will be increased. 

(4) The gland strips should be arranged to destroy, as far as possible, the 
kinetic energy acquired in the previous opening. For this reason the openings 
should be staggered. 


* B. Hodkinson, in a paper entitled “Estimation of the leakage through a labyrinth 
gland”, Proc. Inst Meek, Eng . 1939, has indicated the limitation of equation (4), and he 
has obtained another analysis which is supported by experiment. 
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(5) On the high-pressure glands it is customary to limit the leakage of the 
steam into the engine room by fitting a leak off pipe, part way along the gland, 
which bleeds the steam from the gland to a stage in the turbine where the pres- 
sure is never less than atmospheric, or alternatively this steam may be used to 
pack the low-pressure gland against air leakage into the condenser.* 

Types of labyrinth glands. There are three main types of labyrinth glands : 
the radial, the face, and the combined type. 


Shaft Shaft 



Radial Type Face Type. 

Fig. 248. 

The radial type was the first to be employed and is still useful where the axial 
position of the rotor is a doubtful quantity, or where the pressure drop is small. 

The face type has the advantage that, when adjacent to the thrust block, the 
clearance may be smaller than with the radial type, and further, centrifugal 
force tends to resist the leakage, provided the flow is in the direction indicated. 



* Steam packed glands were the invention of Sir Charles Parsons. 
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To meet modem conditions which sometimes require a pressure drop of 1500 lb. 
per sq. in. over a length of 10 in. Messrs Metropolitan Vickers have introduced 
the gland shown in Figs. 249 and 250. 



(o) Section of typical high-pressure gland. 



(b) Section of typical low-pressure gland. 

Fig. 250. 

This gland has been designed to ensure a maximum baffling effect in a minimum 
length of shaft, and is so arranged that, if the moving and stationary parts should 
touch, the thermal expansion of the elastic stationary part will be more rapid 
than that of the moving part, and contact will be relieved. Any abnormal radial 
movement of the shaft is allowed for by causing the segment to float under the 
control of a flat spring. To maintain its elasticity at high temperatures for long 
periods the spring is made of special steel. 

(B) Carbon gland. A compact and efficient form of gland may be made from 
carbon rings which are about 1 in. square in section, and are divided into segments 
which are provided with scarfed joints. The rings are encircled by a spiral garter 
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spring which causes them to bear lightly on the shaft. Rotation of the rings is 
prevented by a pin carried in the split cast-iron casing into which the rings are 
fitted. 



Fig. 251. Carbon gland. 


The gland is quite good for speeds not exceeding SO f.p.s. and where the steam 
is not superheated. With special carbon, speeds of 120 f.p.s., and moderate degrees 
of superheat, can be dealt with. 


(C) Water -sealed gland . In this type of gland a disc, fixed to the shaft, gives 
a centrifugal head to water which is supplied to an annular casing that surrounds 
the disc (see Fig. 252). 



Fig. 252. Wator-soaled gland. 
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Although water forms a positive seal against leakage, once full speed is attained, 
yet it cannot withstand considerable pressure differences and a large amount of 
power is absorbed in fluid friction which causes the water to boil. As the water 
boils away it must be renewed with fresh supplies of water, which should be 
distilled, otherwise the gland will become choked. 

One incidental advantage of water-sealed glands is that they prevent the con- 
duction of heat to the bearing. The gland is not to be recommended on turbines 
which have to be started and stopped frequently. 


Theory of the water-sealed gland. Let water of density p revolve at angular 
velocity o> radians per second, then since water in equilibrium cannot resist a 
shearing stress, tangential and radial pressures will be equal, and considering 
the equilibrium of an elementary block 
(Fig. 253): 

Outward force 

pr d 0 dz + p dr dz 2 sin- ^-+(rd& dr dz p) . 

Inward force 

(p + d p ) (r + dr ) dOdz. 

Equating these two forces, and ignoring 
terms of the second order, 

/*/'» rito 

dp = fXidrdr. I dp = pur rdr, 

Jp, J Li, 

(gf- gf) 


and 


P0-V2 = 


Vo- Pi = P<*‘ 


o 

(*§--85) 





Diaphragms. 

In the high-pressure turbine, where pressures and temperatures are high, the 
diaphragms are usually built up from steel, the nozzle plates being machined and 
attached to the centre disc in much the same way as the moving blades are 
attached. 

The upper diagram Fig. 254 illustrates a diaphragm of this type made by 
Metropolitan Vickers, whilst the lower diagram Fig. 254 shows half of a low- 
pressure diaphragm, the guide blades in this type being cast in position. 


Special forms of turbines due to Prof. A. Rateau, 1863 to 1930. 

(1) Pass-out bleeder or extraction turbine. In a number of industries a 
demand exists for both power and heat, and since the total heat of saturated 
steam at 300 lb. per sq. in. is only about 4 % more than at 30 lb. per sq. in., it is 
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thermally more economical to generate high-pressure steam, and to expand this 
steam to the pressure required for heating, by allowing it to do useful work in a 
turbine; rather than to use low-pressure heating boilers. 

For the former method to have economic possibilities a relation must exist 
between the power and the heat required, and also account must be taken of 
the degree of fluctuation of the load. 

In general, if the process steam is of sufficient quantity to develop 25 % of the 
power required, then a pass-out turbine is indicated. 




Fig. 254. 



7 



Fig. 265 shows that a pass-out turbine virtually consists of two turbines on a 
co mm on spindle. The high-pressure section drops the pressure from that of the 
boiler to that required for the heating process, whilst the low-pressure section 
expands the steam, not required in the process work, but which must flow in 
order to develop the required power, down to condenser pressure. 

Even when the power requirements are such that they can be met by the process 
steam alone, a certain amount of steam must be deflected through the low- 
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EXAMPLES 

1 . Profile of a tapered blade. 

Show that to obtain uniform distribution of stress in a tapered turbine blade, the 
cross-sectional area (A) of the blade must vary with the radius R according to the 

relation \ogA=B-CR\ 

B and C being constants. 

Obtain the value of the ratio ° - y - — for a blade 15 in. long of 

Cross-sectional area of root 

density 0-28 lb. per cu. in. when revolving at 3000 r.p.m. on a mean diameter of 55 in. 
Allowable stress 10 tons per sq. in. 


2. Labyrinth gland. 

Obtain an expression for the steam flow through a labyrinth gland, and apply it to 
estimate the leakage through a gland having 20 constrictions, if the clearance between 
the packing and the 10 in. diameter shaft is 0-01 in. At one side of the gland is dry 
saturated steam at a pressure of 100 lb. per sq. in., at the other side the atmosphere. 
You may take the coefficient of discharge as 0-6. 

3. Back-pressure turbine. (B.Sc. 1940.) 

A steam turbine is required to generate 2000 horse-power, using 30,000 lb. of steam 

per hour. The exhaust steam is used for process heating, at 20 lb. per sq. in., and the 
steam leaving the turbine is to be dry and saturated. 

Taking the internal losses in the turbine as 20 % of the available adiabatic heat drop, 
determine the pressure and temperature at which the steam should be supplied to the 
turbine. 


4. Throttle control of a pass-out turbine. 

The low-pressure part of a pass-out turbine is throttle controlled, and under full 
load conditions its six stages receive dry saturated steam at 20 lb. per sq. in., and 
expand it to 1 lb. per sq. in. absolute with an internal efficiency of 70 %. Obtain the 
stage pressures at full and half load, and estimate the work done per lb. of steam by 
the first and last stages. 

5. Air turbine. 

An auxiliary drivo on an aeroplane is provided by an air turbine, the casing of 
which is partially exhausted by a venturi nozzle carried on the wing. The nozzle 
produces a depression of 3 lb. per sq. in.; and exhausts 200 cu. ft. of air per minute 
at n.t.p. State of air entering the turbine 14*7 lb. per sq. in. 17° C. Speed of turbine 
10,000 b.p.m. Determine the proportions of the machine, the power developed and 
the efficiency. 

A ns. p.c.d. 61"; nozzle height i"; pitch 1"; 8 jets. 50 blades nozzle angle 18°; 
blade angles 40°; 1*78 B.H.P.; efficiency 58%. 
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MODERN DEVELOPMENTS IN TURBO POWER PLANTS 

The main object of developments in any branch of engineering is to reduce the 
total costs (initial maintenance, running, etc.) without sacrifice of reliability, 
and it is the progressive increase in the cost of fuel that has emphasised the 
desirability of high thermal efficiency. 

Now with power plant the economic performance is not restricted to the 
turbine, the boiler, various heaters, condenser, and alternator (in the case of 
electric drive) all participate and will be considered in this chapter. 

Improvements in the turbine. 

During fifty years’ experience with turbines most of the outstanding improve- 
ments that could be made on the blading and the nozzles have already boon 
effected; so for any further improvement in performance the thermodynamic 
cycle must be explored. 

Improved thermodynamic cycle. 

It lias already been proved that the highest thermal efficiency is obtained when 
an engine operates on the Carnot cycle, and that this efficiency depends upon the 
temperature range over which the working fluid operates. 

Increased temperature, however, causes greater difficulty with the materials 
of construction than increased pressure; so that at present the Rankine cycle, 
which operates between two constant pressures rather than two constant tem- 
peratures, is universally employed. 

In Fig. 257 the two cycles, when using saturated steam,* are compared, and 
it will be seen that by removing the hatched area from the Rankine cycle we have 
the Carnot. 

In practice this removal is effected by what is known as Stage, Cascade or 
Regenerative feed heating,f a process which was invented by Ferranti in 1906. 

Ferranti realised that the bulk of the heat, represented by the hatched area, is 
heat which is normally lost to the condenser, and that if a portion of the exhaust 
steam were deflected through a feed heater, before it reached the exhaust tem- 
perature T it the heat represented by the area EDOF could be conserved. More- 
over, by tapping off still earlier in the expansion BC, the feed temperature could 
be elevated to the evaporation temperature T x by stage condensation in feed 
heaters but at the expense of the mechanical work represented by the triangle 
A ED. 

In fact, in an ideal machine, where no temperature difference is required to 

* Saturated steam is taken, because to superheat the steam at constant temperature T t 
(to satisfy the condition of supplying heat to the Carnot engine) would involve a fall in 
pressure, and in practice this would be difficult to regulate. 

f The first regenerative turbine was made by C. A. Parsons in 1916. 
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produce a flow of heat, and using an infinite number of tapping or bleeding 
points,* in the saturated field, with an equal number of expansions in the prime 
mover, the regenerative process would be thermodynamically reversible and the 
Carnot cycle would be realised. 

Although theory dictates an infinite number of tapping points, experience 
shows that three to four heaters (Fig. 258), arranged in cascade, present sufficient 
practical difficulty, and that if the feed temperature is raised abnormally (above 
400° F.) by bled steam a serious reduction in power results, and the high -feed 
temperature produced renders impossible the reclamation of heat in the flue gas 
by using economisers (see p. 708). 



At the present time about 30 % of the working steam is bled off for feed heating, 
and the resulting improvement in thermal efficiency is greater than by any other 
means, although of course this is only realised on one load, since reduction of load 
means reduced feed temperature.* 

* A difficulty is experienced on marine installations which run on superheated steam in 
conjunction with feed heaters, when the motion is changed from ahead to astern. Under 
astern conditions no steam is available for the feed heaters, and therefore the steam flow to 
the turbine is reduced and in consequence the siiperheaters tend to become excessively hot. 
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The incidental advantages of improved thermal efficiency and reduced steam 
flow to the condenser are 

* (a) Smaller condenser and boiler. 

(b) The difficulty of passing large volumes of steam through the last stage in 
the low-pressure turbine is lessened. 

(c) Improved turbine drainage, hence less trouble from erosion. 

(d) Increased blade heights in the high-pressure turbine to accommodate the 
initial increased steam consumption. 

Disposal of the feed heater drains. 

In Fig. 258 and in the subsequent analysis it is considered that the heater 
drains are led to the hot well and that (Bach drain carries with it the sensible heat 
corresponding to the pressure at the bleeding point. To throw away thermal 
potential like this is obviously uneconomic, and in practice various met hods are 
employed to avoid this loss. 




<D 


Drain Pump 


Fig. 259. 


(1) ' The cascade method. In this method the drain from one heater is led to 
the steam space of the next lower heater, where the pressure drop causes a certain 
proportion of the drain to flash into steam. On its passage through this heater 
the steam is condensed in heating the feed. 

(2) Drain pump. The drain from each heater may be pumped directly into 
the feed line at a point immediately after the heater. 
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(3) Cascade and low -lift pump. The drain may be cascaded through the 
successive heaters to the last but one, where a low-lift pump discharges the com- 
bined drains into the feed discharge from the extraction pump, the combined 
flow then passing through the feed pump. This is probably the most desirable 
system, because it combines partly the advantages of (1) and (2) and avoids the 
use of small high-lift pumps which operate at a high temperature and for this 
reason are a potential source of trouble. No matter what system of drain 
disposal is employed, alternative arrangements should be made to cascade the 
drains direct to the condenser, so as to meet any emergency. 

Theory of the regenerative process. 

In this analysis we shall consider heaters so efficient that the feed water on 
leaving them acquires the same sensible heat as that of the heating steam, for that 
particular heater, and that the heater drains discharge to the hot well without 
thermal loss. 

If the turbine consumes w lb. of steam per sec. at pressure p and temperature 
T, and if w v w 2 and w 3 lb. are removed at the tapping points 1, 2, 3, then for 


Continuity of flow 

w 1 + w 2 + w 3 + w i = w. (1) 

Heat entering the hot well, or condenser, 

+ w 2 h 2 + w 3 h 3 + w i h i = wh. (2) 

Heat transferred to feed by heaters 

(1) w \(Hi~h x ) = wQh~h 3 ), (3) 

(2) w 2 (H 2 —h 2 ) — w(h 2 — h 3 ), (4) 

(3) w 3 (H 3 -h 3 ) = w(h 3 -h). (5) 


In practice the tapping points are selected so that each heater transfers about 
the same amount of heat to the feed. This satisfies the condition for efficient 
regenerative heating (see p. 478) and has the practical advantage of permitting 
the use of identical heaters. In making an analysis of the cycle, then, we are 
interested in the mass of steam which is to be bled from the various tappings to 
satisfy the above condition. On actual plant, of course, the flows are controlled 
by valves which are operated in conjunction with the thermometers shown in 
Fig. 258. 


The flow to heater (1) 

... w (bi — h 3 ) 

1 \ih-K) ’ 

(6) 

to heater (2) 

_ w{h 2 -h s ) 

2 ” jH 2 -h 2 )’ 

(?) 

to heater (3) 

_w{h 3 -h) 

8 (H 3 -h 3 )’ 

(8) 
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By (1), w 4 = w — Wj — w a — Wj. (9) 

. By (9) in (2), 

V’l K + «’ 2 K + w 3 h s + (w - W x - u\ —w a )h t = wh. (1 0) 

By (10) in (8), 


wh 3 - [«>! h y + iv 2 h 2 + w 3 fi 3 + (w- m’j - w 2 - u\) 7j 4 ] 
„„ w(h 3 h^) ^-'1(^1 ^4) n' 2 (h 2 7 i 4 ) 


From equations (6) and (7) we may substitute for w x and w 2 in terms of w in 
(11), and hence w 3 and the other quantities can be evaluated. 

It should be observed that with a single heater w x and w 2 are zoro and 
_w{h s -h i ) w{h 3 -\) 

a '-W 3 -\v not -(H a -/ir 


because the condensate drains to hot well. 


Work done with regenerative feed heating. 

Since the steam flow is varying throughout the turbine the regenerative cycle 
cannot be shown on a single entropy diagram, but defining d(f> as wdhjT we can 
draw a diagram for each mass of steam, and by arranging the resulting diagrams 
along a third axis we have a three -dimension figure in which ^ is a linear function 
of w (see Fig. 260). 

In this figure the blue area represents the work done by the whole mass flow, 
the red that done by (w — w x ) lb., and so on. 

Hence the total work per sec. is 


W = w(H— II x ) + (w - w x ) (H x - H 2 ) + (w-w x - w 2 ) ( H 2 - II 3 ) + w,(II 3 - II,). (12) 


The heat supplied by the boiler and superheater is (H — h x )w. 
.\ Thermal efficiency 


(H - H x ) -f ( 1 - w x jw) (H x -H 2 ) + { 1 - w x /w - wjw) (H 2 - H 3 ) 4* wjw (H 3 - H,) 


(13) 


Ex. Determine the pressure and the amount of steam to be bled from the three tapping 
points on a turbine supplied with steam at 400 lb. per sq. in. absolute, 120° C. superheat 
and exhausting at 0-5 lb. per sq. in. absolute. 

If the thermal efficiency of the expansions is 70, 75, 80 and 85 % respectively, compare 
the thermal efficiency of the regenerative machine with that of a simple machine having 
the same expansion efficiencies. 

At 400 lb. per sq. in. saturation temperature = 502*4° C. absolute 

At 0*5 lb. per sq. in. saturation temperature = 299*5° C. 

Difference — 203° C. absolute 

This difference is to be divided equally over four expansions, hence the temperature 
drop per expansion is approximately 50° C., and therefore the temperature and the 

3 l 


WHB 
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pressure at heater (1) is 450° 0. and 135 lb. per sq. in., at heater (2) 400° C. and 35 lb. 
per sq. in. and at heater (3) 350° C. and 6 0 lb. per sq. in. 

To simplify computation the problem will first be worked without regeneration, and 
the results obtained from this computation applied to regeneration, thus: 


Without regeneration. 


Expansion 

number 

1 H at 400 lb. per sq. in., 120° C. superheat = 747 C.H.u. 
H at 135 lb. per sq. in. = 684 

a.h.u. = 63 

Useful drop = 0*7 x 63 


C.H.U. 


44*1 


2 


3 


4 


H x at 135 lb. per sq. in., re-heated 
H x at 35 lb. per sq. in. 

A.H.l). 

Useful drop = 0-75 x 66 


= 707 c.h.u. 

= 641 

= ~66 

= 49*5 


H 2 at 35 lb. per sq. in., re-heated 
H 2 at 6 lb. per sq. in. 

A.H.l). 

Useful drop = 0*8 x 69 


= 657 C.H.U. 

- 588 

= ~69 

- 551 


H 3 at 6 lb. per sq. in., re-heated 
H 3 at 0*5 lb. per sq. in. 


A.H.D. 

Useful drop = 0*85 x 76 


= 602 c.h.u. 

= 526 

= ~76 

= 64*6 

Total work done = 213*3 


91 

Thermal efficiency = ^ = 29*6 %, 


With regeneration. Proportion of steam to be bled. 


Bleeding 
point number 

1 h x at 135 lb. per sq. in. = 178*9 
h 2 at 35 lb. per sq. in. = 126*6 

(^i ““^2) 

H l at 135 lb. per sq. in. = 707 
h x at 135 lb. per sq. in. = 179 


(Aj h , ) 

\v ~ (H'-hi) 


52-3 

528 


= 0-099 = — 1 
w 


h 2 at 35 lb. per sq. in. = 1 26*6 
h 2 at 6 lb, per sq. in. — 76*6 
(h 2 — h 3 ) 

H 2 at 35 lb. per sq. in. = 602 
h 2 at 35 lb. per sq. in. = 76*6 
(H 2 —h 2 ) 


(h 2 -h 2 ) 
w (H 2 —h 2 ) 


F~ I = °°952 = - a 
525*4 w 
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If the steam flow, w , is 1 lb., then 
w 

w x 

1 —w 1 
w 2 

l-w 1 - u\ 2 
w 3 

(1 w 1 -w 2 -w 3 ) = w A 

Thermal efficiency 

% 


Actual work per 
expansion 

Useful heat drop per lb. (a.h.d. xtjxw ) 


1 0000x441 44*1 

0*0990 

0*9010 x 49*5 44*6 

0*0952 

0*8058x55*1 44*4 

0*0446 

0*7612x64*6 49*1 


Total work done = 1 82*2 


Gain due to regeneration = 


182 *^ 
747-179 
32*1 —29*6 


29*6 


- 32*1 %. 

- 8*45 %. 


BIBLIOG HA PITY 

“The resell oral ivc cycle, an efficiency banis having special reference to the number of 
feed water heating stages”, l 9 roc . hint. Meek. Eng. 1941, vol. exuvr, No. 1, p. 5. 

EXAMPLES* ON REGENERATIVE FEED HEATING 

1 . Discuss the advantages obtainable from regenerative feed heating in a turbine plant. 
What effect has the number of heaters on the thermal economy, final feed temperature, 
and the method of disposing of the heater drains ? 

Obtain an expression for the thermal efficiency of a turbine operating on saturated 
steam between temperatures T 1 and T 2 with continuous feed heating. rp __ rji 

Ans. -- 1 ;— a . 
1 1 

2 • What percentage of steam at 20 lb. per sq. in. must be bled from a turbine operating 
on dry saturated steam between 100 lb. per sq. in. and 0*5 lb. per sq. in.? What is the 
thermal efficiency of the plant with and without bleeding? 

Ans. 14*6%; 30*1, 28*8%, Drain considered as led to hot well. 


(B.Sc. London.) 

3. Explain the process of feed heating by “ bleeding ”. Show that, in general, bleeding 
improves the efficiency of a steam plant, and illustrate your answer by finding the 
theoretical thermal efficiency of a plant working between 150 lb. per sq. in. absolute, 
dry and saturated, and 1 lb. per sq. in. absolute (a) without bleeding, (b) when the correct 
weight of steam is bled at 25 lb. per sq. in. absolute. Neglect the effect of the stage 
efficiency on the dryness at the tapping point. Ans. 28*5 ; 30 % . 


4 . Equation (13), p, 481, shows that bleeding must increase the thermal efficiency 
of a plant regardless of the number or position of the tapping points. For what initial 
pressure is the greatest economy effected ? 

(d.oC. XVfoV/.) 

5 . Explain why feed-heating by partially expanded steam may increase the efficiency 
of a turbine plant, and make a diagrammatic sketch of the steam circuit. 

A turbine is supplied with steam at 300 lb. per sq. in. and 300° C., and exhausts at 
a back pressure of 0*5 lb. per sq. in. What percentage improvement in the ideal efficiency 
of the plant will result if, at a point where the pressure has fallen to 50 lb. per sq. in., the 
correct weight of steam is “bled” for feed-heating? Ans . 6*67%. 

* See also example on p. 856 # 
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Re -heating steam. 

With a view to eliminating blade erosion,* reducing steam friction losses, and 
im proving the thermal efficiency of turbines, the steam is sometimes removed 
from the turbine when it becomes wet; it is then passed into a re-heater, where it 
receives a fresh superheat, and is returned to the next stage in the turbine. 

The re-heater may be incorporated in the walls of the main boiler; it may be a 
separately fired superheater, f or it may be heated by a coil carrying high-pressure 
superheated steam — this system being analogous to a steam jacket. 

Although flue gas re-heaters have been employed satisfactorily on 50,000 kW 
sets, yet they are at a disadvantage in having to handle large volumes of low- 
pressure steam that arc usually tapped off from the liigh-pressure exhaust. 



The additional apparatus is large and costly and elaborate safeguards have to 
be taken for protecting the re-heater and the turbine in the event of a sudden 
reduction in load on the turbine, or reversal from ahead to astern. 

Steam-heated re-superheaters do not suffer from this disadvantage, but it is 
obvious that the temperature of the re-superheated steam can never be as high 
as that of the steam supplying the heat, and therefore the efficiency of the cycle 
is less than when other types of heaters are employed. 

In practice difficulty is also experienced in returning the steam to the 


Although there is an optimum pressure at which the steam should be removed 
for re-heating, if the highest return is to be obtained, yet, for simplicity, the whole 
of the steam is removed from the high-pressure exhaust, where the pressure is 
about one-fifth of the boiler pressure, and after undergoing a 10 / 0 pressure drop, 
in circulating through the heater, it is returned to the i.p. or l.p. turbine. 


t Tcfpre^rve the superheater from overheating and erosion flue gas is often supplied 
with the combustion air. 
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It is claimed that improved thermal efficiency, reduced boiler size, and to a 
less extent condenser size (in consequence of the reduced steam consumption, but 
higher exhaust temperature), will allow a re-heater to pay for itself in one year.’" 

Re-heating is best employed in high-pressure unit systems operating at con- 
stant load where the turbine has its own boiler, and in these circumstances the 
re-heater should be placed alongside the superheater if it is to be really effective. 
The practice of re-heating has been developed far more in America than elsewhere. 

Theory of re-heating. 

From Fig. 263, 

The work done — (H d - //,,) ^ + (Hf — H p ) ^ , 
these total heats being measured at constant entropy <f>i and rf> 2 . 



Fig. 268. 


The heat supplied = (H d — h a ) + (H f — //,,). 

Thermal efficiency = yf? — r~ e r~ ~ f^ — ■ 

Ex . In a power plant steam at a pressure of 400 lb. per sq. in. absolute and temperature 
370° C. is supplied by the main boilers. After expansion in the high-pressure turbine 
to 80 lb. per sq. in. the steam is removed and re-heated to 370° C. Upon completing 

* On a 24,000 s.H.r. set a re-heater would save £4000 per annum on fuel. S. S. Cook, 
F.R.S., Modem Marine Steam Turbine Design. 
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expansion in the low-pressure turbine the steam is exhausted at 1 in. of mercury. 
Find the efficiency of the cycle with and without re-heating. 

The problem is most easily solved by using the U<j> chart; alternatively the T<j> chart 
or steam tables may be employed. 



Superheat temperature at d = 370 
Saturation temperature at c = 229*7 
Degree of superheat = 140*3 


Whence by reference to steam tables <fi d — 1*6441 . 

Degree of superheat at 80 lb. per sq. in. for this value of <f> is 15° C. 

H 1 at 80 lb. per sq. in. and 370° C. = 768*7 

H 0 at 80 lb. per sq. in. and 15° superheat = 668*7 

Heat to re-heat = 100*0 

H d at 400 lb. per sq. in. and 370° C. = 759*2 
h at 1 in. Hg *= 26*1 

733*1 


Total heat supplied 


: 833*1 
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Work done: 

<j> t = 1-8337 

tf> w tita = 0-0913 

x(j>, = 1-7424 

0-897 = x the dryness at g 

<t> L at 1 in. Hg = 1-9445 

H d = 759-2 

f/„ = 668-7 


Work done in h.p. = (H d —H e ) — 90-5 

Hj = 768-7 

x,, at 0 = 0-897x581 -5 = 521 
h a = 26-1 

H„ = 547-1 

Work done in l.p. = ( H , — II a ) = 221-6 

Total work done = 312-1 


312-1 

Thermal efficiency = = 37-5 %. 

Odi)' 1 

Alternatively, work done = 833*1 — (<f> g — 

The reduced friction loss which attends re-heating will considerably improve this 
efficiency. 

Without re -heating: 

H d at 400 lb. per sq. in. and 370° C. = 759 
T 0 <f> (i = 299*5 x 1 *6441 = 493 

Og ^ 1 

492 

Work done on cycle - H d — {T 0 <fi d —G a ) = 207 


Thermal efficiency 


207 

733*1 


= 36*5 %. 


1. Re-heating steam and plant efficiency. (B.Sc. 1935.) 

What are the advantages claimed for re-heating steam in high pressure plants? 

A steam plant received steam at 000 lb. per sq. in. and 400° C. After expansion to 
250 lb. per sq. in. it is re-heated to 400° C. and then expanded to 100 lb. per sq. in. It is 
then re-heated to 400° C., after which it expands down to a back pressure of 0*8 lb. per 
sq. in. Assuming frictioness adiabatic expansion, find the thermal efficiency of the 
plant and compare it with that obtained without re-heating. 

Ans. By re-heating steam the total heat drop and thermal efficiency of the turbine 
is increased. Moreover, friction losses on the blades are reduced and erosion is pre- 
vented if dryness fraction is kept greater than 90 %. Ans. 38*9 % , 37»1 % . 

2. Re -heating steam in reaction turbine. 

Assuming 75 % of the heat drop available is converted into mechanical work per 
turbine pair, and that this diagram efficiency holds throughout the turbine, find the 
steam consumption per h.p. hour and the thermal efficiency of a turbine working 
between 200 lb. per sq. in. and 300° C. supply and 1 lb. per sq. in. exhaust. 
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Determine also the new steam consumption and the new thermal efficiency if the* 
expansion of the steam is arrested at 501b. per sq. in. and the steam is re-heated to 300° C. 
at this pressure and the expansion through the turbine is continued. Re-heat factor 
1*05. Ans. 8-45 lb. per H.r. hr. ; Efficiency, 24-20 % ; 7-49 lb. per h.p. hr. ; 25-28 % . 

3. See examples on the use of the Mollier diagram, pp. 184 and 185. 

Binary vapour turbine (invented by Mr Emmett). 

It has alroady been proved (p. 68) that the Carnot cycle has the highest thermal 
efficiency of all cycles, and that the only prospect of an actual engine approaching 
this cycle is to use a saturated vapour, because, to attain an efficiency given by 
T —T 

if is imperative that the whole of the heat must be supplied, at constant 

temperature T x and rejected at T 2 . These conditions are easily complied with when 
using a vapour in the wet field, but tfot in the superheated (see p .477). 

It would therefore appear that with T 2 fixed by the temperature of the natural 
sink to which heat is rejected, the efficiency must depend on T v which for a 
maximum efficiency should be as high as possible, consistent with the vapour 
being saturated. This means that an ideal fluid must have a very high critical 
temperature, and if this is combined with a low pressure, so much the better, 
because a combination of high temperature and high pressure sets designers a 
formidable problem. Mercury, diphenyl, diphenyl-oxide and similar compounds, 
aluminium bromide, and zinc ammonium chloride, are fluids which possess, in 
varying degrees, these characteristics together with chemical stability that will 
allow the cycle to proceed indefinitely. 

Mercury, with its critical temperature well over 1000° C., and diphenyl-oxide 
at 530° C. and 400 lb. per sq. in. (compared with water at 374° 0. and 3220 lb. per 
sq. in.), are the two fluids which have been employed in practice, but not 
singly, since for mercury the high temperature even at low vapour pressures, 
220° C. at 0-625 lb. per sq. in. absolute, means that there would be a considerable 
loss of thermal potential if no better vacuum than this could be obtained. 

In practice exceedingly high vacua are difficult to produce and maintain; 
so to avoid this difficulty, as well as the thermal loss, two fluids, mercury and 
water, are used in the cycle. Mercury is used to extend the high temperature 
range, whilst water, in reclaiming heat from the mercury condenser, before 
passing through a medium pressure steam cycle, extends the lower temperature 
range. 

Although several binary turbines are in operation in America and Russia, yet 
the system suffers from the defect that mercury vapour is extremely poisonous; 
mercury will not wet the boiler plate, it is expensive, and a large quantity is 
required. In view of these defects, and the absence of a cheap stable fluid with 
high critical temperature, small specific volume and small temperature at 
atmospheric pressure, there is not much prospect of the general introduction 
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•of the system, particularly in view of the recent developments in high-pressure 
steam plants. 
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Increased steam pressure.* 

“That started as a boiler — whelp — when steam and he were low. 

‘ I mind the time we used to serve a broken pipe wi tow. 

Ten pounds was all the pressure then — Eh ! Eh ! — a man wad drive 
An here, or workin gauges give one hundred fifty five ! ’ ” 

Rudyakd Kipling. 

In the pursuit of increased efficiency the most profound change during the last 
decade has been the material advance in the working pressure, where it has been 
found that the greatest improvement in efficiency occurs at the lower end of the 
pressure scale; although, as the Carnot efficiency implies, the efficiency never 
reaches its maximum, but little is to be gained from pressures in excess of 1500 lb. 
per sq. in. 

Fig. 265 illustrates this point and has been extracted from Dr H. L. Guy’s 
paper, “The economic value of increased steam pressure”, Inst . Mech . Eng . 
February 1927, p. 99, in which this subject is very fully treated. 

As steam pressures increase, the desirability of confining the high-pressure 
expansion range to a separate cylinder also increases. This consideration, together 
with the increased cost of boilers, restricts the economic application of high pres- 
sures to high-powered plants. 

In Great Britain the tendency is to stabilise steam pressures at 600 to 650 lb. 
per sq. in. for 30,000 to 50,000 kW units, and between 300 and 400 lb. per sq. in. 
for 20,000 kW units, although theoretically these pressures are too low to give 
the greatest gain in economy. 

Unfortunately high pressures increase the difficulties of maintenance and 
reduce flexibility of the machine on load; hence high-pressure turbines are usually 
employed on base loads, where the output is invariable. 

One serious disadvantage attends the use of high-pressure steam, and that is 
that the dryness fraction in the low-pressure turbine is reduced in consequence 
of the reduced initial value of the entropy of the dry saturated steam. This 

* Jacob Perkins, an American inventor (1766-1849), experimented with steam at 
1500 lb. per sq. in., and examined its properties. H. W. Dickinson, A Short History of 
the Steam Engine , p. 98, Cambridge University Press. 
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increased wetness gives rise to the serious practical difficulty of erosion (see 
p. 494). 

In marine propulsion, vibration and the diffic ulty of accommodating the 
expansion of the piping, and the strains to which a vessel is put in a heavy sea 
way, make the engine room personnel regard high pressures with acute distrust. 

In the U.S.A. extra high-pressure boilers and turbines have been supplied to 
existing power stations, with the object of raising the output and efficiency of 
these stations. 



Fig. 265. 


The provision of these “topping units”, as they are sometimes called, requires 
new boiler plant, but the high-pressure turbines exhaust to the existing low- 
pressure plant, thereby effecting economies in the engine room as well as in cost 
of buildings and foundations. 

Superheated steam. 

In order to obtain the requisite temperature difference over the boiler plate in 
the case of high steam pressures the flue gas must of necessity also leave at a high 
temperature if a rapid rate of evaporation has to be secured. This heat would be 
lost were it not for the provision of superheater coils, which enable a maximum 
of 7 % of the total heat supplied to the steam to be recovered from the flue gas 

without the expenditure of any more fuel. 

In addition superheating increases the entropy of the steam to such an extent 
that even in the low-pressure turbine the steam is much drier than when a super- 
heat is not carried, so that erosion is materially reduced. 

Thermally the improvement in efficiency (which attends a superheat) is very 
small, but the reduced friction losses in the turbine, and the delayed condensation, 
oause the practical gain to almost double what theory predicts. 
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Unfortunately high temperatures adversely affect metals by reducing their 
strength and causing them to flow, when under stress, like a very viscous fluid. 
The greater the stress and the higher the temperature the greater the rate of flow, 
so it is only a question of time, and the bolts connecting the flanges will grow to 
such an extent as to release the joint. 

In view of this creep of metals* high temperatures cause more trouble than 
high pressure, and at the present time (1940) 950° F. (a temperature at which the 
steam pipes glow in the dark) appears to be the highest safe temperature. 

However, practice keeps so closely in step with research that it will not be long 
before temperatures of 1000°F. and pressures of 2000 lb. per sq. in. will be 
generally employed in high-powered plant. 

In contrast with increased pressure the economic advantage of increased 
temperature does not depend upon the size of the plant, and a much smaller 
proportion of the boiler plant is affected by raising the temperature than by 
raising the pressure. A comparison between the thermal economies resulting from 
increased pressure and increased temperature is shown below. 

This tabic has been compiled from Dr H. L. Guy’s paper “Tendencies in steam 
turbine development”, Proc. Inst. Mech. Eng. North-Western Branch. 
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The basis of the above comparison is a plant operating at 700° F. with 29 in. 
vacuum and four-stage re-heating. The capacity should not be less than 40,000 kW 
M.c.R.f at 1500 r.p.m., 20,000 kW m.c.r. at 3000 r.p.m., 10,000 kW m.c.r. at 
6000 r.p.m. 

Fig. 266 was taken from the Twenty-sixth Thomas Hawksley Lecture (1940), 
in which Sir Leonard Pearce, C.B.E., gives an excellent review of forty years’ 
development in mechanical engineering plant for power stations. These tem- 
perature-entropy diagrams show how the basic efficiency of steam plant has 
increased from 15 to 50% over a period of forty years, the actual thermal 
efficiency realised by the station being about 15 % lower. 

* See Bailey and Roberts, “Testing of materials for high temperatures Proc . Inst . 
Mcch. Eng . 1932, Mild steel is suitable for superheater tubes up to 900° F. but the super- 
heater supports often cause trouble through distortion. 

j* m.c.r. = Maximum continuous rating. 



7M?F. 
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* 

Ex. High pressure and high superheat. (B.Sc. 1939.) 

Discuss briefly, with reference to the Rankine cycle, the thermodynamic advantages 
of using (a) a high pressure, (6) a high degree of superheat, when the maximum steam 
pressure is the same in both cases. What are the relative practical advantages of the 
two systems? 

Compare the ideal efficiencies of a turbine using steam at 380° C. and exhausting at 
0*5 lb. per sq. in., when the intial pressure is (a) 500 lb. per sq. in., (6) 200 lb. per sq. in. 

Ans. 37*4%, 33*4%. 

Erosion of turbine blading. 

Erosion of turbine blading is the wasting away or grooving of the back of the 
inlet edge of the blade, and only occurs where the moisture in the steam exceeds 
about 10%, and the blade speed is high. 

Inspection of a turbine, after many hours' running, reveals that erosion is 
always worst towards the tips of the low-pressure blades, because centrifugal 
force tends to concentrate the water particles in the outer annulus, and the tip 
speed is greater than the root speed. 



Fig. 267. 

It may be argued that, owing to the much greater density of water compared 
with low-pressure steam, the droplets carried in suspension through the nozzles 
never acquire the velocity of the steam, and therefore, if the blade entrance 
angle and speed are suitable for the steam, they must be wrong for the water 
(see Fig. 267), where V riw is the relative velocity of the water at inlet. * 

From the velocity diagram it will be seen that V riw strikes the back of the 
blade, and in producing impact stresses of the order of 50 tons per sq. in., a groove 
is initiated. 

Prevention of erosion. 

Four methods are available for combating erosion: 

(1) Raising the initial temperature of the steam, so that the wetness never 
exceeds 10 %, even in the last stage of the low-pressure turbine. 

(2) When the moisture content in the steam approaches 10 %, remove the 
whole of the steam and re-heat it, so that the wetness at the exhaust does not 
exceed 12%. 

(3) Fit drainage belts on the turbine so that the droplets of water, which 
constitute about 25 % of the total moisture present, may be flung out of suspension 
by centrifugal force. 

(4) The leading edge of the blade may be protected by a shield of hard material. 
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Comparison of the methods. 

Since prevention is better than cure, methods (1) and (2) are to be preferred, 
but in the case of (1) the maximum superheat which metals can stand for pro- 
longed periods imposes a definite limit on the pressure 
range if the wetness must not exceed 10 %. 

Theoretically stage re-heating is the ideal, but in 
practice it is beset with difficulties (see p. 485). 

Drainage of the turbine is good, and necessitates very 
few structural alterations on a machine designed for 
“bleeding ” : in fact, with this method alone the pressure 
may exceed 1300 lb. per sq. in. without serious erosion 
taking place. The only precaution nlecessary is to pro- 
vide a lip to prevent the swirling Separated droplets 
from rejoining the steam (see Fig. 208). 

The provision of tungsten shields prolongs the life of 
the blading, but it does not remove the resistance which 
the water droplets impose on the rotation of the rotor. However, in practice 
this has probably proved the most satisfactory solution. 

Improved turbine exhaust. 

The improved vacuum obtainable from condensers of moderate dimensions 
has presented turbine designers with the serious problem of transmitting this 
vacuum to the turbine blades with very little loss of energy; for it will be appre- 
ciated that it is no use having a high vacuum in the condenser if the rapid increase 
in specific volume prevents the economic transmission of this vacuum to the 
turbine. 

It was indicated on p. 430 that to pass this volume involved a considerable loss 
in kinetic energy, and this loss might be sufficient to offset the gain in heat drop 
from the increased vacuum. 

To combat this loss the following methods have been employed: 

(1) The provision of an expanding diffuser tube to convert kinetic energy into 
pressure energy (see Fig. 269). 

(2) The central flow turbine (see p. 430) which provides a double exhaust. 

(3) Duplication of the last stages of the low-pressure turbine, which are con- 
nected by a pipe so that but one low-pressure casing and rotor is required. 
Virtually this is a modified central flow turbine. 

(4) In high speed high capacity turbines working with low exhaust pressure 
Metropolitan Vickers secure a low leaving velocity without using unduly long 
blades by dividing the blades in the penultimate stage into two parts by an 
annular ring A (see Fig. 270). 

The Bteam on the outside of this ring is expanded down to condenser pressure 
and pa”"«« direct to the exhaust, the velocity ratio being fairly good because of 



Fig. 208 . 



496 Modern Developments in Turbo Power Plants 

the high peripheral speed of the portion C of the blade OE. The inner portion of 
the blade handles steam which is to be expanded finally in the last diaphragm, F. 

(5) The simplest solution of the exhaust area problem is to remove the shrouding 
from the last row of low-pressure blades with a view to lightening them, and to 
open out the blade angles, or, as a last resort, lower the rotational speed. 



Condensers. 

One of the outstanding advantages of the steam turbine over other vapour 
engines is its ability to utilise effectively low pressures, an improvement in vacuum 
from 28 to 28 \ in. giving almost a 3 % reduction in fuel consumption. 

To produce a vacuum so near the absolute value necessitates a highly efficient 
condenser and air-pump system, and investigations into the design and operation 
of condensers have revealed the following: 

(1) The most potent source of breakdown is due to the tubes puncturing or 
cracking usually near the end.* 

(2) Although the air pump may be capable of producing a high vacuum, the 
obstruction oaused by the tubes prevents this vacuum being realised in the 

* Leaking condenser tubes on marine installations result in rapid deterioration of 
turbines and boilers alike. 
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turbine exhaust. It is the vacuum on the turbine blades that counts, not that 
in the condenser. 

(3) The sudden bending of the turbine exhaust from the horizontal to the 
vertical direction causes the steam to bank up on the alternator side of the con* 
denser, thereby overloading this portion of the condenser at the expense of the 
opposite side. 

(4) The condensate should be removed from the tubes immediately after con- 
densation to prevent undercooling of the condensate and consequent loss of 
thermal efficiency, and the tubes carrying the hottest cooling water should meet 
the hottest steam. 

Dealing with each of these problems in turn, it has been found that an alloy 
70 % copper and 30 % zinc is able to resist erosion fairly well if the end of the tube 
receiving the circulating water is bell-mouthed, and the water box is sufficiently 
deep to allow the circulating water to enter the tube without undue eddying. 
With this in view, the tube with stuffing boxes at both ends has to be replaced 
by a bell-mouthed tube expanded flush into the tube plate at one end and floating 
in a stuffing box at the other (see Fig. 271), or by bowed tubes expanded at both 
ends. 



If the tubes are carefully annealed,* and the unsupported length of the tube 
does not exceed one hundred times its external diameter, little trouble should 
be experienced from cracked tubes. 

Central flow condenser. To limit the pressure drop across the tubes 
Metropolitan Vickers have designed a central flow condenser in which the air is 
removed from the centre of the nest of tubes (see Fig. 272), the steam flowing 
radially inwards during the process of condensation. 

The main advantages of radial flow are that the area for flow is always com- 
parable with the volume flowing, the length of air path is reduced, the coldest 
water meets the coldest air, thereby increasing its partial pressure and so reducing 
the labour of the air ejector, and the condensate drops away readily from the 
hottest tubes through a current of steam, so that undercooling is avoided. 

* Drawing stresses are at once revealed by coating the tube with mercury, when a stressed 
tube will split like a bamboo. 


W W K 


3 * 
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It should also be observed that in the base of the condenser is fitted a water 
seal (8) (Fig. 273) to prevent steam or air interrupting the extraction pump 
suction, and that heat transfer, which depends upon scrubbing rather than direct 
impact, is augmented by providing steam lanes. 

To improve the distribution of the steam over the condenser tubes the ex- 
haust area is made divergent in the direction of the alternator and baffles are 
fitted as in Fig. 269. 

Vibration of the condenser tubes may be prevented without the use of carrier 
plates, which are objectionable because they prevent the longitudinal spreading 
of steam, by making the tubes short. 



Fig. 272. End view of Metrovick central flow condenser with doors open. 

Shortening the condenser, however, causes a diminution in cooling surface, 
and since, for a given temperature drop across a tube, the rate of heat transference 
depends upon the surface area of the tube and the square of the velocity of 
the fluid transmitting heat, any reduction in tube length must be accompanied 
by a considerable increase in velocity. 

High velocities, however, rapidly increase pumping costs, since friction head 
also depends on the square of the velocity of flow, and high velocity is 
objectionable in that it often introduces serious tube erosion, especially where 
the circulating water is impure. 

Undercooling is prevented by adopting contra-flow heat transference, in 
which the hottest steam meets the hottest circulating water. The vertical lanes 
necessitated by the subdivision of the water box also provide access for drainage 
between the tubes and allow regenerative heating of the condensate (see p. 393). 
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Air ejectors. 

Leblanc and Sir Charles Parsons were responsible for the invention of the 
steam-operated air ejector, which is virtually an injector for pumping air instead 
of water. 


B.t. B.2. 



m Fig. 274. Sectional view of two-stage Metrovick air ejector with surface coolers. 

The ejector (Fig. 274) consists of a convergent-divergent nozzle G in which the 
steam acquires a very high velocity. By under expansion (i.e. making the actual 
nozzle area less than theoretically required) this high-velocity jet in appearance 
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resembles a string of beads, and in jumping across the gap that separates the 
nozzle and the diverging tube F , it entrains air. An interchange of momentum 
occurs, the air being accelerated at the expense of the steam. To convert the 
kinetic energy of the mixture into pressure energy the tube F diverges. 

It will be apparent that the increase in pressure, which the combination of a 
single jet and difluser will produce, is definitely limited (about 5 to 1 in practice); 
so to produce high vacua, with reasonable economy in steam, and without 
danger of instability of the jet at low loads (due to their being no positive seal 
against atmospheric pressure), two or more ejectors are arranged in series. 

The main advantages of the ejector are that it is simple and cheap to construct, 
it has no moving parts, it occupies very little space, and it will produce a high 
vacuum, but thermally its efficiency is very low. 

With a view to improving the thermal efficiency of the apparatus the discharge 
from each ejector is passed through a cooler, where the steam is condensed in 
heating the boiler feed. * 

To handle the excess air flow that attends putting another boiler on the line 
it is usual to assume that 5 lb. of air have to be extracted from every 1000 lb. of 
steam, whilst a rapid start is ensured by an auxiliary ejector which discharges 
direct to the atmosphere instead of through feed heaters. 
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MARINE EXHAUST TURBINES 


Because of the practical limit to the size of the low-pressure cylinder a conven- 
tional multi-expansion marine engine is unable to utilise effectively low-pressure 
steam, several systems have therefore been developed to improve the thermal 
efficiency of this engine by the provision of a turbine to take the exhaust steam 
from the reciprocator and expand it further. 
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Hjr 

For moderate power? the reciprocating engine is more efficient than a small 
high-pressure turbine; so that the combination may be arranged to embody the 
advantages of the reciprocator for dealing with high-pressure steam and the 
turbine for low-pressure steam. 

The various systems of exhaust turbines may be classified in two types: 

(1) Systems in which the power developed by the turbine is transmitted to the 
propeller shaft through gearing incorporating a spring, hydraulic or electrical 
coupling to damp out the variations in torque of the reciprocating engine. 

(2) Systems in which the power developed by the turbine is utilised to improve 
the quality of the steam as it passes from the h.p. to the i.p. cylinder. 

In the Johansson Gotaverken system this is effected by means of a compressor 
and in the Lindholmen Motala system by an electric heater which is supplied 
from a dynamo driven by the exhaust turbine. 

In all the systems the condenser must be arranged to give a much higher 
vacuum than is required by the reciprocator when operating alone, and provision 
must be made for directing the reciprocator exhaust to the condenser so as to 
cope with emergencies. 

The Bauer -Wach system. 

In this system, which is illustrated in Fig. 274a, steam at 8 to 101b. per sq.in. abs. 
is exhausted by the reciprocator to an oil separator and from thence to a servo- 
motor operated change-over valve by means of which the steam may be directed 
to the turbine or to the condenser. 



Should the turbine speed become too high the governor reduces the oil pressure 
in the servo-motor and the change-over valve directs the steam to the condenser. 

The power developed by the turbine is transmitted to the propeller -shaft 
through double reduction gearing, a vulcan hydraulic coupling being incorporated 
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in the primary gear wheel. Any residual thrust from the primary pinion, or 
turbine, is taken by a Michell thrust block that is located at the forward end of 
the turbine. 

To ensure torsional and flexural elasticity of the reciprocating engine shaft, 
and to permit of the turbine gearing being disconnected from the reciprocator, 
the secondary gear-wheel is supported on a hollow flanged shaft that embodies 
a quill drive. 

The turbine is non-reversing and is disconnected automatically from the main 
engines when these run astern by draining the oil from the Vulcan coupling. 

Savings of fuel of 20 to 25 % over the conventional reciprocating engine are 
claimed for this system, and the flywheel effect of the turbine materially reduces 
racing in a heavy sea. r 

The Johannson Gotaverken system. 

This system was developed by Johannson of Gotaverken, Sweden, and consists 
of a turbo-driven compressor that takes the exhaust from the H.r. cylinder, 
raises its pressure and temperature and delivers the steam to the i.p. chest. In 
addition the turbine drives most of the auxiliaries such as the feed, circulating, 
and forced lubrication pump as well as the dynamo. 

The major modification to the main engine is the provision of a dividing wall 
in the i.p. receiver, spring-loaded non-return valves being fitted in this wall to 
enable the steam to pass directly to the i.p. chest should the turbine be cut out 
by the governor. 

.A change-over valve, operated by oil from the forced lubrication system, 
provides for the exhaust being passed direct to the condenser in an emergency. 
Unlike the Bauer-Wach system this valve is not used during reversal of the 
main engines. 

Since it is uneconomic to use the compressor for evaporating water a steam 
dryer is placed on the h.p. exhaust, and a second on the l.p. exhaust to protect 
the turbine blades from erosion. 

Obviously the thermal efficiency of this system is less than of the previous, 
but there are compensating advantages of compactness and lower initial cost. 

EXAMPLES 

Numerical examples on the systems are given on pages 835 et seq. 
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CHAPTER XVI 


COMBUSTION 

Chemical symbols. 

The ninety-two elements which have been discovered* carry distinguishing 
names which are not based upon any scientific system, and on making investiga- 
tions as to the behaviour of these elements a kind of shorthand is employed. 
Instead of writing the name of the element, only the first letter of the English or 
Latin names of the commoner elements is used to denote it ; whilst less common 
elements, which share the same initial letter, are distinguished by an additional 
letter, thus: 

Carbon is denoted by C, Chlorine is denoted by Cl. 

Not only do the symbols indicate the element, but they also denote one atom 
of the element, and if more than one atom is to be considered, then a numerical 
suffix, representing the number of atoms, is also applied to the symbol. For 
example, Cl 2 means two atoms of chlorine, H 2 means two atoms, or one molecule 
of hydrogen. In a like manner the number of molecules is denoted by a numerical 
prefix, thus: 2H 2 means two molecules of hydrogen each of which contains two 
atoms; so that the product of the prefix and the suffix is the number of atoms 
of the element under consideration. 

Mechanical mixtures. 

When the molecules of various elements are mixed together, one of two things 
may happen. 

The molecules may merely mingle without losing their identity, and may 
therefore be separated mechanically, as in the case of a mixture of sugar and 
sand, or, if temperature and pressure are favourable, the atoms in a molecule of 
one element may attach themselves to the atoms in a molecule of another element 
in the mixture, and produce an entirely different substance. This substance is 
known as a Chemical compound. 

The union of oxygen with hydrogen may be taken as a simple example of the 
formation of a chemical compound. These two colourless and odourless gases, 
when mixed together, produce a gaseous mixture, but if a flame is applied to this 
mixture, or if it is highly compressed, an explosion will occur, and steam will be 
produced which can be seen if the temperature is low enough. It is this union 
which is responsible for the steam that issues from a motor car exhaust when 
the engine is started up on a cold morning. 

The reason for the combination of molecules producing compounds, endowed 
with properties entirely different from those of the combiningelement, is unknown, f 

* See p. 4. 

f There are many things which we must believe which we do not understand. Matter 
and its combinations are as great a mystery as life itself. 
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Chemical compounds are indicated by a combination of symbols which repre- 
sent the separate molecules from which the compound was formed. Taking 
again the union of H 2 * with 0 2 , we have 

Hydrogen uniting with oxygen produces steam. 

Symbolically this reaction is denoted by 

2H 2 + 0 2 = 2H a O. 

The positive sign indicates that a chemical reaction has taken place, and the 
sign should not be given its algebraic interpretation. 

It might be asked: Why select two molecules of H 2 , and but one of 0 2 ? The 
reason is that any other proportion of molecules would leave either some of the 
H 2 or some of the O a uncombined. For example, 

4H 2 + 0 2 = 2H 2 0 + 2H 2 . 

In this equation the positive sign on the right-hand side (r.h.s.) has its algebraic 
meaning, and it indicates that steam is produced and hydrogen remains when 
the proportions of H 2 and 0 2 shown on the left-hand side (l.h.s.) of the equation 
react. In an engine the uncombined hydrogen would be wasted; so with a view 
to economy in fuel it is highly important that both fuel and air are supplied in 
the correct proportions. 

In this respect chemical equations are very valuable to engineers; because 
they not only indicate the result of a chemical reaction, but they indicate 
the proportions with which the elements react when there is to be no surplus. 

Ex. How many pounds of oxygen are required to burn completely one pound of 
hydrogen? 

The equation of this reaction is 

2H 2 +0 2 = 2H 2 0. 

But the atomic weight of H 2 is 1 and that of 0 2 16 (see p. 5). 

Hence ^2H 2 -I- = 2H a O. 

2(1x2) + (16x2) = 2(1 x 2 + 16). 

Hence 4 units of hydrogen combine with 32 units of oxygen to form 36 units of steam. 
If we multiply throughout to convert the unit mass of an atom into lb. weight, then we 
can say that 4 lb. of H 2 require 32 lb. of 0 2 to form 36 lb. of steam. 

/. Weight of oxygen required for the complete combustion of one lb. of hydrogen 



* The author is aware that it is incorrect to use symbols such as H 2 to replace the word 
hydrogen, since H 2 represents one molecule of hydrogen. Although incorrect the practice 
is widely used by engineers. 
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Formation of chemical equations. 

Since a chemical equation represents but a redistribution of atoms, it follows 
that the same number of atoms of any one element must exist on both sides of 
the equation. This conclusion can also be drawn from the fact that matter is 
indestructible, and therefore every atom of the interacting substances on the 
L.H.S. of a chemical equation must also appear on the r.h.s. of the equation, 
although usually in some fresh associations of atoms. This information is re- 
markably valuable, because it enables us to build up chemical equations, and 
therefore removes the necessity for memorising them. 


Ex. Form the chemical equation which represents the complete conbustion of marsh 
gas, CH 4 . 

When marsh gas is burnt completely, carbon dioxide (C0 2 ) and steam (H 2 0) are 
produced; ao we can write _ co, +yHl O. 


The values of x and y may then be determined from the condition that the same 
number of atoms of each element exist on both sides of the equation. For carbon there 
is one atom on each side. For hydrogen there are 4 on the L.H.s. and 2 y on the r.h.s. 
For oxygen there are 2x on the L.H.S. and (2 + y) on the r.h.s. 

.'. 2y = 4, y = 2, 


and 

Whence 


2x = (2 +y), but y = 2. .*. x = 2. 

CH 4 + 20 3 = C0 2 + 2H,0 

12+1x4 2(16x2) 12 + 32 + 2(2+16) 


44 36 

1 I 

80 

From this example it should be appreciated that a chemical equation is not only a 
qualitative expression, which expresses the result of reactions, but that it also has 
a quantitative significance, and in this respect the equation obeys mathematical laws, 
the total mass on the two sides of the equation being the same. 



Gaseous reactions. 


The mass of a gas is so difficult to measure directly that it is more usual to 
consider the volumes which unite rather than the masses. Fortunately this 
convenience does not introduce any complication into chemical equations, 
because these equations are not altered if they are multiplied throughout by a 
constant. Take for instance the molecular equation 


2H a + O a = 2H a O 

and multiply this through by a constant n which represents the number of 

molecules in 1 ou. ft. of gas at any particular state, see p. 12, for instance the 

n.t.p. condition, then „ TT ^ _ 

2»H„ + nO a = 2»H a O. 
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This equation now reads: Two cubic feet of H a combine with one cubic foot of 
0 2 to produce two cubic feet of steam at the same state as the H 2 and O a ; provided 
the steam produced obeys the laws of perfect gases. 

At high temperatures steam does obey the gas laws, but at low temperatures 
the prefix 2 n has no significance, since the steam would condense, and its volume 
would then be negligible in comparison with that of the gas. 

A similar paradox arises with the solid carbon in the equation 

»C-(*«O a = nCO a , 

which should not be read as “One cubic foot of carbon combines with one cubic 
foot of oxygen”, since, in general, gaseous carbon does not exist. 

In an electric arc the carbon might be gaseous, but in its solid state the volume 
of oxygen required to consume but one pound of C is so great as to render the 
volume of carbon negligible in comparison. Hence we can say that one cubic foot 
of O a , after reacting with C, produces one cubic foot of C0 a at the same pressure 
and temperature as that of the O a , provided that this is far above the liquefaction 
point of CO a . 


The weight of air required for the combustion of solid and liquid fuels. 

The first important application of Chemistry to combustion problems is in the 
determination of the minimum amount of air required to bum completely a solid 
or liquid fuel of known composition. If the theoretical weight of air required is 
known, then the actual air supply can be adjusted to avoid undue heat losses 
due to insufficient or excess air. 

Such a calculation is rendered easy by the fact that all commercial fuels depend 
entirely on carbon and hydrogen for their combustible material, and that these 
fuels are analysed by weight. 

In a fuel of this type a portion of the carbon is combined with the hydrogen to 
form what is known as a hydrocarbon, thus: CH 4 is a hydrocarbon, whilst 
the uncombined carbon C is known as fixed carbon, and resembles charcoal 

The presence of hydrocarbons in no way affects the chemical equations which 
treat the elements as separated, but these hydrocarbons give to the fuel the 
important practical advantage of ready ignition, and it is the much higher 
proportion of hydrogen in a liquid fuel that distinguishes its analysis from that 

of a solid fuel. 

Ex. A fuel oil contains 84 % of C and 16 % of H. Determine the minimum weight of 
air required to bum one pound of this fuel. 

The complete equations for the reaction are 

C+0 2 = C0 2 and 2H 2 +O a = 2H a O 
12 32 44 4 32 36 
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Hence 1 lb. of carbon requires ff lb. of 0 2 and produces lb. of C0 2 ; whilst 1 lb. of 
H 2 requires 8 lb. of 0 2 to form 9 lb. of steam. 

In 1 lb. of fuel there are 0-84 lb. of C and 0-16 lb. of H, so that the total oxygen 
required is 

00 

Y^x 0-84+ 8x0-16 = 3-52 lb.* 

1 z 

To obtain the weight of air required we must know the chemical com- 
position of air. 

Air contains a large proportion of nitrogen, and for engineering purposes we 
can regard the gravimetric analysis as N a , 77 % ; 0 2 , 23 %, and the volumetric 
analysis as N 2 , 79 %; 0 2 , 21 %. 

Hence the weight of air required to supply 3-52 lb. of 0 2 is 

3-52 x^^ 15-3 lb. 

Zo 

In practice, to ensure that the fuel is completely burnt, excess air to the extent 
of nearly 30 % must be supplied to liquid fuels and even more to solid fuels. 


The minimum volume of air required for the complete combustion of a 
gaseous fuel of known composition. 

It was shown on p. 506 that with gaseous reactions the proportions by volume 
which react are equal to the number of molecules of the reacting constituents. 
For example, with marsh gas, CH 4 , the complete reaction is (p. 506) 

CH 4 + 20 2 = C0 2 + 2H 2 0. 

In terms of volumes this reads: One cubic foot of CH 4 combines with two cubic 
feet of oxygen to form one cubic foot of carbon dioxide and two cubic feet 
of steam; provided all these volumes are measured at the same pressure and 
temperature, and that the constituents may be considered to obey the laws of 
perfect gases. 

Generally the gases employed by engineers for the development of power are 
mixtures of CH 4 , H 2 , CO, C0 2 , N 2 , etc., so that the computation of the air 
required is best effected by a tabular method which may be illustrated by an 
example. 

Ex. Estimate the volume of air required for the combustion of 100 cu. ft. of gas having 
the analysis CH 4 , 39-5 %; H 2 , 46-0 %; N„ 0-5 %; CO, 7-5 %; H z O, 2-0 %; C0 2 , 4-5 %. 
What is the volumetrio analysis of the products of combustion at 100° C. ? 

* Had the fuel analysis indicated the presence of oxygen, then less than 3-62 lb. of oxygen 
would need to be supplied from the atmosphere. 
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Combustion of 100 cu. ft. of gaseous fuel 






Volume of product s | 


Con- 

Percen- 


Oxygon 

of combustion, ; 


stituont 

tage by 

Combustion equation 

required 

cu. ft. ! 

N. 

gas 

volume 


cu. ft. 

H >() 1 






gaseous ! ^^2 ■ 


(>H 4 

39-5 

CH 4 + 20 ., = ro„+ 2 H„o 

79*0 

79-0 39*5 


h 2 

46-0 

2H 2 + (J 2 = 211 2 0 

j 23-0 

40*0 — j 

j 

n 2 

0*5 

— 

— 

' 

0-5 ! 

CO 

7-5 

2CO + <) 2 = 2CO* 

3*75 

-- ■ 7*5 | 

_ 1 

j 

h 2 o 

2-0 

— 

— 

2*0 ' — 1 


co 2 

4-5 

— 


1 5 

— ; 


100-0 

Total 0 2 Acquired = 

] 05-75 

127-0 51 -5 | 

1 



Air required at the supply temperature and pressure of the gns = ^ j° x 105*75 = 504 eu. ft. 

79 

N 2 associated with this air = 105-75 x 0 ] - = 398*0 cu. ft. 


N 2 in the gas 

Total N 2 in flue gas 
Total H 2 0 in llue gas 
Total C( ) 2 in flue gas 
Total flue gas 


= 0*5 

= 398*5 
= 127-0 
= 51-5 
— 577*0 cu. ft. 


The analysis of the products of combustion will be 

H a O, 127*0; C0 2 , 51*5; N a> 398-5 cu. ft. 
or, expressed as a percentage, 

H 2 0, 22 %; C0 2 , 8-91 %; N 2 ,69%. 


Exhaust gas analysis. 

In practice gases are usually analysed over water which is used for measuring 
the contraction in the volume of the gas mixture (or, if the gas is soluble in water, 
salt water or mercury may be used) contained with the water in a measuring 
vessel as each of the constituent gases is absorbed by a suitable chemical. 

The use of cold water or mercury condenses any water vapour present in the 
gas, so that the subsequent analysis will reveal only the proportions of the dry 
gases. Hence when you arc asked to predict the analysis of the exhaust gas 
from an engine or boiler, the steam and S0 2 should be omitted. 

Applying this rule to the previous example, we have the analysis of the dry 
flue gas: 

C0 2 , 11-43%; N„ 88-54%. 
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To estimate the actual volume of air supplied for the combustion of one 
hundred cubic feet of gaseous fuel from the analysis of the fuel and 
that of the exhaust gas. 

The previous example showed that if just the right amount of air is supplied 
to burn completely a gas of a given composition (other than H a ), an analysis of 
the exhaust gas will reveal only C0 2 and N 2 . 

If excess air is supplied, 0 2 will also appear in the exhaust analysis, whilst a 
deficiency in air, or imperfect combustion, is revealed by the appearance of other 
constituents (H 2 , CH 4 , CO, etc.) in the exhaust gas analysis. 

This information would appear valuable to engineers who are in charge of 
plant consuming a gas of known composition, and who are able to analyse the 
exhaust gases, and from this analysis to deduce whether the correct amount of 
air and combustion temperature obtains, thus: 

Let v mp be the minimum volume of the dry products of combustion, i.e. the 
products produced excluding steam by the combination of 100 cu. ft. of gas with 
the minimum volume of air required for the complete combustion of the gas; 
also let v m be the volume of excess air associated with v mp , then (v mp + v ea ) is the 
basis on which the volumetric analysis of the actual exhaust gas is computed. 
On this basis let 0 2 be the percentage of oxygen in the actual exhaust gas, then 

o = Pea X (21/10 0) X 100 

( v mp ^ea) 

whence 0 2 (?; mp + v ea ) = 21v ea . 

Volume of excess air per 100 cu. ft. of gas = * 5 ^ = v ea cu. ft. 

(21 -U 2 ) 

Total air = (Minimum volume +v M ). 


Ex. On the application of this equation. 

If the exhaust from an engine using the gas given on p. 508 showed 12 % 0 2 , what 
was the volume of excess air supplied per cu. ft. of gas, and also the total volume of air ? 

v mv = (C0 2 +N 2 ) = 450 cu. ft., 0 2 = 12 %. 


450x12 
' £0_ (21 — 12 ) 


600 cu. ft. per 100 cu. ft. of gas. 


Excess air per cu. ft. of gas = 6 cu. ft. 
Minimum air = 5-04 cu. ft. 


.*. Actual air per cu. ft. of gas = 11-04 cu. ft. 



Combustion 511 

To obtain the analysis by weight from the analysis by volume of 
a gas. 

In the case of gaseous fuels the estimation of the air supply, from the analysis 
of the exhaust gas, was relatively simple, because both the fuol and the exhaust 
products were analysed by volume. With solids or liquid fuels, however, we have 
to deal with analysis by volume and analysis by weight; so that the computation 
is not quite so easy, since we must first convert the volumetric analysis of the 
exhaust gas to analysis by weight. 

The factor which connects mass and volume is density p, and from p. 13 
density is also related to molecular weight by the expression 

rr , , i , , , , '• . , , Tabulated molecular weight 

p = m x n x Tabulated molecular weight — h . 

^ ° 358 

If therefore the volume of each of the constituents in the exhaust gas analysis 
is multiplied by the appropriate density, we have the weights of the constituents. 
On dividing the weight of each of the constituents by the total weight of the gas 
sample, we have the proportions by weight. This computation removes the 
necessity of multiplying the volumetric analysis by the density of each con- 
stituent, since the product (m x n) cancels on division, as an example will show. 


Ex. Convert the volumetric analysis C0 2 , 10-9 %; CO, 1-0 %; 0 2 , 7-1 %; N a , 81-0 % 
to gravimetric analysis. 


Constituent 

Percentage 
by volume 

Density p 

Parts by weight 
(p x % by volume) 

Percentage 
by weight 

C0 2 

10*9 

ra x ft x 44 

m x ft x 480 0 

15*98 

CO 

10 

m x ft x 28 

m x n x 28*0 

0*93 

o 2 

7*1 

m x ft x 32 

mxnx 227*2 

7*57 

N* 

81*0 

m x w x 28 

mxnx 2268*0 

75*52 

Total weight = 

mxnx 3003*2 

100*00 


The numbers in the fifth column are found by dividing the quantities in the fourth 
column by of the total weight. 

Hence to convert from analysis by volume to analysis by weight multiply the 
percentage by volume of each constituent by its molecular weight, find the sum of the 
products and divide each product by this sum. Finally multiply the result by 100. 


Alternative method. 

If we consider a mol of gas mixture instead of a cubic foot, then the mass of any one 

of the constituent gases is given by 

Percentage by volume of the constituent., , 

(Molecular weight of constituent) x - — - lb. per mol. 
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Applying this principle to the example: 


Constituent 

Percentage 

volume 

Parts by weight 
per mol of gas 

Percentage 
by weight 

co 2 

10-9 

.. 10-9 

44 x 100 

15*98 

CO 

1*0 

28 x 1-0 

28 X 100 

1 

0*93 

o 2 

71 

32x TTo 

7*57 

n 2 

81-0 

i 

28 x 81 

28 x Too 

75*52 

1 


1 


Total weight = 


10000 


To obtain the analysis by volume from the analysis by weight. 

Divide the percentage by weight of each constituent by its molecular weight, 
find the sum of the quotients, and divide each quotient by this sum. Multiply the 
result by 100. 


Ex. Predict the volumetric analysis of the flue gas when pure carbon is burnt with a 
minimum quantity of air. 

The equation for the reaction is 

c+o 2 = co 2 . 

12 32 44 


a* • , 1U 32 100 

Air required per lb. ol (J = — x 


32 77 

N 2 associated with this air = ~x ^ 


= 11*6 lb. 
= 8-93 lb. 


The products of combustion will contain only N 2 and C0 2 in the proportions: 


Constituents 

Parts 
by weight 

1 

P 

Parts by volume 

P 

Percentage 
by volume 

co 2 * 

44 

1 

; 

1 

20*9 


12 

mxnx 44 

mxnx 12 




1 


8*93 


N s 

8-93 

mxnx 28 

m 

xnx 28 

79-1 




1 

r 1 8*931 




Sum of quotients * 

~ mxn 

l2 + ”28j 

100-0 








From this example we see that the percentage of C0 2 in flue gas can never 
exceed 21 %,* even when -pure carbon is burnt, whilst the presence of hydrogen 

* The result is obvious since the CO a replaces the O a in the air. 



Combustion 513 

in a fuel, reduces this value to about 18 % whilst the necessity of excess air (to 
ensure complete combustion of the fuel) reduces the value still further; 16 % 
is a figure to which engineers aspire for efficient plant. 

Ex. The percentage composition of a sample of anthracite was found by analysis to 
be 0, 90, Hg, 3*3, 0 2 , 3*0; N 2 , 0*8; S, 0*9 \ Ash, 2*0. Calculate the minimum weight of air 
for the complete combustion of 1 lb. of this fuel. 

If 50 % excess air is supplied, find the percentage composition of the dry flue gases 
by volume. 


Con- 

stituent 

Percentage 
by weight 


Weight of 

Weight of products per lb. 

Combustion equation 

() 2 required 
pe r lb. 
of fuel 

N s 

co 2 

so 2 

C 

90-0 

e+o 2 = oo., 

12 32 44 

2-400 

— 

3-3 

— 

h 2 

3*3 

2H, + 0 2 = 2H„0 
18 9 

0-264 

— 



S 

0*9 

s+o 2 = so 2 

32 32 64" 

0009 


— 

0*018 



Total 0 2 

2073 



— 

o 2 

3*0 

— 

0030 

— 

— 

— 

N 2 

0-8 

— 

— 

0*008 


— 

Total 0 2 

required from atmosphere 

2-643 

— 

-- 

— 

Minimum air required = x 2-643 = 

JjO 

11-49 lb. 

— 

— 

— 

No in actual air supply = 1T49 x 1*5 x 077 = 


13*270 

— 

— 

Total N 2 

13*278 | 

— 

— 


Excess oxygen = 11-49 x 0-5 x 0-23 = 1-323, 
or =0-5x2-643 = 1-3215. 


Analysis of the 'products of Combustion . 


Constituent 

Parts by 
weight 

1 

M 

Parts by weight 
M 

= Parts by volume 

Percentage 

volume 

co 2 

3*3 

iV 

0-0750 

12-69 

so 2 * 

0-018 

A 

0 0003 

0-05 

o 2 

1-323 

A 

0 0413 

7*0 

N 2 

13-278 

* 

0-4740 

80-26 


0-5906 

100-00 


* Since the analysis would be conducted in the presence of water, the SO* would most 
likely be absorbed. 


WH E 


33 
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To obtain an expression which will give the weight of air supplied per lb* 
of fuel, of known carbon content, when the volumetric analysis of 
the flue gas is known. 

Let C be the percentage by weight of carbon that is actually blunt, 

C0 2 be the percentage by volume of the C0 2 in the dry flue gas, 

CO be the percentage by volume of the CO in the flue gas, 

N 2 be the percentage by volume of the N 2 in the flue gas. 

Using these quantities: 

The actual weight of C0 2 = C0 2 x m x n x 44 lb. per 100 cu. ft. of flue gas. 

The actual weight of CO = CO x m x n x 28 lb. per 100 cu. ft. of flue gas. 

The actual weight of N 2 = N 2 x m x n x 28 lb. per 100 cu. ft. of flue gas. 

The molecular weights of CO and N 2 are each equal to 28. 

Now the total mass of carbon per 100 cu. ft. of flue gas is given by 

12 12 

(mxnx44x C0 2 ) x — - + (fflx«x28x CO) x — . 

44 Z® 


Since the reactions producing C0 2 and CO are 


C + 0 2 = co 2 

12 32 44 ’ 

2C + 0 2 = 2CO 
24 32 56 ’ 


C per lb. of C0 2 = 

C per lb. of CO = Jjj. 


Moreover, all this carbon comes from the fuel; and if we make the assumption 
that all the N 2 comes from the atmosphere, a simple expression may be obtained 
for the air supply, thus: 

Total carbon in the flue gas = m x n x 12 (C0 2 + CO). 

N 2 per lb. of carbon in the flue gas 

mx»x28xN 2 ... 

m x n x 12(CO a + CO)’ 

For every pound of fuel supplied to the furnace only C/100 lb. of carbon pass 
out of the flue, whence the weight of N 2 per lb. of fuel is 


28N 2 C .. 

* y IK 

12(C0 2 +C0) 100 

If all this nitrogen has come from the atmosphere, then the air supplied per lb. 

of fuel 28N 2 x C x 100 

“ 12(C0 2 + C0)x 100 x 77’ 

since there are 77 parts by weight of N 2 in 100 parts of air. 

N 8 xC 


Air per lb. of fuel = 


33(CO b +CO) 


lb. 
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This is a very important equation in the combustion of fuels, and although 
combustion problems can be solved from first principles without it, yet the 
solution cannot be effected w ith the same facility. 

To evaluate the proportion of carbon burnt to CO. 

On p. 614 it was shown that the total carbon content of the flue gas was given 
by mxnx 12 (C0 2 + CO), and that in the CO by mxnx 1200, whence the 
proportion of carbon burnt to CO is given by 

mxnx 1 2 x CO CO 

mxn x 12(C0 2 + CO j = C0 2 + CO* 

and if C is the proportion of carboifactually burnt per lb. of fuel, then 
Carbon burnt to CO per lb. of fuel = lb. 

co 2 +co 

This equation is of importance when the heat loss due to incomplete com- 
bustion is required (see p. 536). 

Ex, Estimate the weight of air supplied per 1b. of fuel if the flue gas analysis was 
N 2 , 80 %; C0 2 , 10 %, and the carbon content of the fuel was 80 %, but an analysis of 
the ash revealed that 5 % of this carbon had been lost through the firebars. 

Weight of air per lb. of fuel — ^ ^ ^ = 1818 lb. 

oo ( 1U -p * p 

Alternative solution. 

Consider one mol of flue gas and for this obtain the weight of each of the constituent 
gases and hence the molecular weight of the mixture, thus: 


Constituent 


C0 2 

0 2 by difference 


Percentage 

■ Molecular 

Part s by weight. 
— Mx% v/100 

by volume 
% ” 

1 weight , 

M 

10 

44 

4-40 

10 ! 

32 

3-20 

80 

28 

22-40 

100 j 

— 

3000 


/. Equivalent molecular weight of gas = 30. 

Now one mol of C0 2 contains 12 lb. of carbon, hence 10 % of a mol contains 
j® * 12 -1-2 lb. of C. 

30 

.'. Weight of dry flue gas per lb. of carbon contained in the flue gas = — = 25 lb. 


Weight of dry gas per lb. of fuel = 25 x 


(80-5) 

100 


18-75 lb. 
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The weight of air by difference is 
18*75 + Weight of steam formed 

— [The weight of the combustible and moisture in each lb. of fuel]. 


Ex. In a boiler trial the dry coal as burned contained 84 % C and 3 % of free hydrogen. 
Flue gas analysis gave 1 1*5 % carbon dioxide, 8*4 % oxygen, 80*1 % nitrogen by volume. 
Calculate, per pound of dry fuel, the weight of necessary air, and the weight of excess air. 


Actual air supplied = fly-— = 17*73 lb. 
x x 33 x 1 1 *5 

0 2 required for C = 0*84 x = 2*24 
0 2 required for H 2 = 0*03 x 8 = 0*24 


Total 0 2 

/, Air required = 2*48 x 
Excess air 


= 2*48 


100 

23 


= 10*77 
=£= 7*0 lb. 


Alternatively. Considering one mol of gas. 

Weight of C0 2 = 0*115 x 44 = 5*06 lb. 

Weight of 0 2 = 0*084 x 32 = 2*69 lb. 

In 1 lb. of C0 2 there are lb. of C. 

C in flue gas == 12 x 0*115 = 1*38 lb. 

Excess 0 2 per lb. of C = ^ = 1-95 lb. 

1 'OO 

0 2 per lb. of fuel = 1-95 x 0-84 = 1-638. 

• t? * iu r c i 1*638 X 100 _ lft 

. . Excess air per lb. of fuel = ™ = 7*12 lb. 

Zo 

Ex. Weight of flue gas per lb. of fuel. Excess air. (B.Sc. 1931.) 

A boiler is fired with a fuel having a composition by weight C = 86*1 %, H 2 = 3*9 %, 
0 2 = 1*4 %, ash = 8*6 %. Volumetric analysis of dry flue gases gives C0 2 = 12*7 %, 
CO = 1*4 %, 0 2 = 4*1 %, N 2 by difference = 81*8 %. Calculate 

(а) The total weight of flue gas per lb. of fuel fired. 

(б) The percentage of excess air supplied above the minimum quantity required for 
complete combustion of the fuel. 

The weight of air per lb. of fuel = = 15*12 lb. 

On the assumption that the ash remains in the ash pan, the fuel passing 
up the chimney = 0*914 

Total weight of flue gas per lb. of fuel *= 16*034 lb. 
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To obtain the minimum air supplied per lb. of fuel: 


Constituent 

Percentage 
by weight 

Combustion 

equation 

Weight of 
O a required 

c 

86-1 

C + 

12 32 44' 

2-295 

h 2 

3-9 

2H 2 + 0 2 = 2H 2 0 

1 8 9 

0-312 

o 2 

1-4 

1 

1 

2-607 

0-014 


(> 2 required 2-593 


Minimum air per lb. of fuel — x 2-593 = 11-27. 


100 

53 


.\ Percentage excess air calculated On the minimum quantity 

(15-12-11-27) 

~ 1 1-2? — x 100 = 34-1. 

Ex. Air leakage into economiser. 

In a trial on a boiler fitted with an economiser the following results were obtained: 



C0 2 j CO 

o 2 

n. 

Analysis of gas entering the economiser 

8-3 | 0 

11-4 

80-3 

Analysis of gas leaving tho oconomiser 

7-9 0 

! 11*5 

80-6 


Determine the air leakage into the economiser if the carbon content of the fuel is SO %; 
also find the reduction in temperature of the gas due to air leakage if atmospheric 
temperature = 15° C., flue temperature = 350° C. Specific heat of air = 0-24 and of 
flue gas = 0-25. Ash from ash pan = 15 % by weight of fuel fixed. 


Air supplied = 


N x C _ 

33(C() 2 +COj # 


a- i i 8°P 

Air leakage = ^ 


80-0 _ 80-3“] 
7-9 8-3 J 


1-299 lb. of air per lb. of fuel. 


Weight of air per lb. of coal — 23*45 lb. 

Weight of fuel passing up chimney (1 - 0-15) = 0-85 

Total weight of products — 24-30 lb. 

Heat in flue gas per lb. of coal = 24-3 x 350 x 0-25 — 2123 o.h.u. 
Heat in leakage air = 15x1 -299 x 0*24 — 4-67 

2127-07 o.h.u. 


In the mixture we can still consider the gas and the air as separate and having their 
own specific heats, but sharing a common temperature T. Thus: 

(0-24 x 1-299 + 24-25 x 0-25) T = 2127-67, T = 333-4° C. 

Fall in temperature = 16-6° C. 
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Ex. Forced and induced draught fans. (B.Sc. 1934.) 

The air in a boiler house is at 20° C. and the flue gases are at 200° C. The air supplied 
per lb. of fuel is 18 lb., the weight of fuel consumed being 2000 lb. per hr. Estimate the 
b.h.p. required to drive a fan on this boiler installation maintaining a draught of 2 in. 
of water 

(a) when the fan produces induced draught ; 

(b) when the fan produces forced draught. 


Assume the fan to be 80 % efficient. 

Air supplied per minute = ^ 

Volume of air at 30 in. Hg and 0° C. = 12-39 x 600 
Volume of air at 30 in. Hg and 20° C. = — ^ x 7430 

473 

Volume of air at 30 in. Hg and 200° C. = x 7430 


600 lb. 
7,430 cu. ft. 
7,970 cu. ft. 


12,860 cu. ft. 


The work done by the fan Volume displaced in cu. ft. x Change in pressure 

= x x Volume displaced in cu. ft. = 10-42 x Volume displaced. 

- . , ,, 1 10-42x12,860 

h.p. of induced draught fan = - - -- x =5*08. 

0*o Ot>,000 ^ 

-- , , 1 10-42x7970 

h.p. of forced draught fan = ^ x — 33 qqq — = 3-15. 


Ex. Volume of flue gas. (Junior Whitworth 1934.) 

One pound of a particular dry coal consists of 0-9 lb. C, 0-05 lb. H, and the remainder' 
is ash. Assuming that 1 lb. of air at n.t.p. displaces 12-5 cu. ft., calculate the volume of 
flue gas per lb. of coal consumed if the temperature = 200° C. and that the weight of 
air admitted is twice that necessary for combustion. 

Air required = x 0-94-8 x 0-05 J = 12-17 lb. 

Actual air supplied = 2 x 12*17 = 24-34 lb. 


Analysis of dry flue gas . 


Constituent 

Parts by weight w 

1 

M 

Fraction of a 
mol s= w/M 

co 2 

fix 0-9 = 3-3 


0-0750 

0 , 

12-17x0*23 = 2*8 

* 

0-0875 

N, 

24-34x0-77 = 18-73 

A 

0-6690 

Total fraction of a mol = 0*8315 
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Volume of dry gas = 358 x 0-8315 — 3 

473 

Volume of steam =26-8 x x 9 x 0-05 

273 


517-0 cu. ft. 
15-3 


Total volume of flue gas per lb. of coal = 532-3 cu. ft. 
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Approximate Method. 

Treating the flue gas as air the volume is 

4-73 

24-34 x 12-5 x = 527-5 cu. ft. 


EXAMPLES ON TUB COMBUSTION OF GASES 

1* A gas has the following composition by volume: hydrogen, 45 %; marsh gas (OH 4 ), 
36 %; carbon monoxide, 15 %; nitrogep, 4 %. Find the volume of air required for the 
combustion of 1 cu. ft. of the gas (oxygen in air is 21 % by volume). 

Ans. 4*86 cu. ft. 

2. A producer gas has the following analysis by volume: hydrogen, 18-23 %; carbon 
monoxide, 25-07 %; carbon dioxide, 5-2%; nitrogen, 51 %; Estimate the minimum 
quantity of air required for the complete combustion of 1 cu. ft. of the gas, and the 
percentage contraction in volume after combustion, and the composition of the products 
of combustion. 

Ans . 1*03 cu. ft. ; 10-66 % ; Carbon dioxide, 16-7% ; Nitrogen, 73-2 % ; Water, 10*1 % . 

3. The volumetric analysis of producer gas supplied to an engine is carbon dioxide, 
7*66 %; carbon monoxide, 22-27 %; hydrogen, 20-19 %; marsh gas, 2-778 %; nitrogen, 
47*1 %. The exhaust gases contained 10 % of oxygen by volume. 

Estimate the quantity of air actually supplied per cubic foot of gas and the percentage 
contraction in volume in engine cylinder due to combustion. 

Ans. 2-917 cu. ft.; 5-45%. 

4. Combustion of gas. (B.Sc. 1930.) 

Calculate the volume of air which is theoretically necessary and sufficient to burn 

a cubic foot of gas having the following percentage volumetric composition: CH 4 , 27; 
H 2 , 43; CO, 12; N 2 , 13; heavy hydrocarbons, say C 3 H 12 , 5. 

If the percentage of CO a in the dry exhaust of a gas engine using this gas is 6-5 by 
volume, estimate the volume of air used per cubic foot of gas. Ans. 5-32; 8-77 cu, ft. 

(I.M.E. 1938.) 

5. The percentage analysis, by volume, of a coal gas is as follows: H 2 , 48; CH4, 28; 
CO, 8-6; C 2 H 4 , 6-4; 0 2 , 0*6; N 2 , 8-4. Determine the percentage change in volume when 
this gas is burned in nine times its own volume of air, and give the composition of the 

resulting products of combustion. 

Ans. 14-5 % at n.t.p. ; C0 2 , 5-78 % ; 0 2 , 10-05 % ; N t , 84-2 %. 
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(I.M.E. 1938.) 

6 . Find, for benzene, C 6 H 6 , the air/fuel ratio, by weight, giving chemically correct 
combustion. 

In an engine test, using this fuel, the air/fuel ratio by weight was observed to be 11/1. 
Estimate the percentage composition of the exhaust gases by weight. 

Ans. 13-37 to 1 ; H 2 0 5-8 ; CO 8-0 ; C0 2 15-7 ; N 2 70-5. 

7. A fuel oil contains 85 % of C and 15 % of H by weight. Determine the minimum 
weight of air required for the complete combustion of 1 lb. of this oil. 

If the air actually supplied is 20 % in excess of the minimum required, find the 
percentage composition of the products of combustion by volume, neglecting the volume 
of condensed water vapour. Ans . 15-06 lb.; N, 84-6%; 0 2 , 3-41 %; C0 2 , 12%. 

(I.M.E. 1936.) 

8. A coal has the following composition: C, 54 %; H, 4 %; 0, 12 %; S, 4 %; N, 1*0 %; 
moisture, 3 %; ash, 22 %. The coal is burned using 40 % excess air and produces ash 
containing 25 % unburned carbon. The air temperature is 18° C. and pressure 740 mm. 
Find 

(а) The volume of air required to burn 1 lb. of fuel. 

(б) The actual volume used. 

(c) The percentage composition of the dry products of combustion. 

Ans. 99 cu. ft.; 138-5 cu. ft.; C() 2 , 11-37%; N, 82-2%; S0 2 ,0-36%; O, 6-14%. 

9. Orsat apparatus. (B.Sc. 1937.) 

Give a brief description, with sketches, of an apparatus suitable for analysing the 
exhaust gas from an internal combustion engine, and explain how it is used. 

As a result of such an analysis it was found that the exhaust gas contained 12 % C0 2 , 
4 % CO, and 84 % N 2 by volume. The fuel used was hexane, C 6 H 14 . Calculate the 
percentage by which the air supplied was greater or less than the theoretical minimum 
required for complete combustion. Air contains 23 % of oxygen by weight. 

Ans. 15-36% deficient. 


The Orsat apparatus for flue gas analysis. 

The Orsat apparatus is very convenient for analysing flue gas on the spot, and 
in capable hands it will give an accuracy of ± 0-5 % of the C0 2 content. In its 
simplest form the apparatus is arranged for the absorption of C0 2 , CO and 0 2 > 
the nitrogen content of the gas being obtained by difference. 

Referring to Fig. 275, C is a water- jacketed eudiometer graduated up to 100 
cubic centimetres. The base of the eudiometer is connected to an aspirator A> 
the purpose of which is to charge or discharge the eudiometer. 

Flasks 1, 2 and 3, with duplicate flasks behind them, contain respectively 
solutions of caustic soda NaOH for the absorption of C0 2 , pyrogallic acid in 
alkali for the absorption of 0 2 , and cuprous chloride (which is made by dissolving 
copper oxide CuO in about twenty times its weight of concentrated hydrochloric 
acid HC1) for the absorption of CO. 
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To accelerate absorption of the gases the flasks 1, 2 and 3 are packed with 
small glass tubes, the wetted surface of which is bared when, by raising the 
aspirator bottle and opening the tap communicating with the particular flask, 
the gas sample is introduced into the flask. The expelled reagent is accommodated 
in the open duplicate flask, and is protected from reaction with the atmosphere 
by a film of oil or a loose-fitting cork. 



The large vessels B and D are sometimes provided for the continuous collection 
and averaging of the flue gas, whilst, in plant where the Orsat apparatus cannot 
be brought close to the sampling point, the time required to transmit and 
analyse the sample may be reduced by fitting a small blower of the type used in 
electric hair dryers. 

Manipulating the Orsat apparatus. 

If the apparatus can be applied directly to the sampling point in the flues, 
cock F should be opened and the aspirator bottle A raised to expel any residual 
gas in the eudiometer. Care should be taken to prevent the salt water, * discharged 
from A , from entering the horizontal tube EF of the apparatus. On closing F 
the level of the reagents in the flasks 1, 2 and 3 must be raised to the level of the 
connecting rubber tubes by opening the respective cocks on the flasks and 

* Salt water is used to avoid absorption of the gases, which might occur, to a small extent, 
with pure water. 
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lowering gently the aspirator bottle. Expel the exhausted gas through F , and 
on closing this cock open E and lower bottle A to induce a gas sample into the 
eudiometer. Close E and test for gas leaks in the apparatus by placing A on top 
of the apparatus, and note if the saline solution rises in the eudiometer, or if the 
reagents fall in the flasks. If all is satisfactory, expel the trial charge and induce 
a fresh one of 100 c.c. To ensure that the test is conducted at constant pressure 
the water level in A should be brought horizontal with that in the eudiometer, 
which is protected from temperature changes by a water jacket. 

The C0 2 is the first gas to be absorbed, and this is effected by opening the cock 
communicating with flask 1, and raising the aspirator bottle A until the saline 
solution reaches the 100 mark on the eudiometer. To accelerate absorption the 
aspirator bottle should be raised and lowered slowly. After some minutes* 
absorption the aspirator bottle should be lowered to bring the reagent back to its 
original level, when the cock on 1 should be closed. After levelling the liquid 
in A and C read the eudiometer, which gives the percentage of C0 2 directly. 
Repeat the operation for the absorption of 0 2 , and, if at the end of it, the eudio- 
meter shows about 82 % N s , the presence of CO should be suspected, and a test 
made for it. It should be observed that this apparatus is not sufficiently sensitive 
to give accurate values of the CO content, because of the small amount to be 
measured, but it will detect it. 

(Junior Whitworth 1937.) 

Ex. Describe a simple form of portable apparatus by which the volume of C0 2 content 
of a flue gas can be measured, and state the precautions you would take in using it. 

A boiler takes coal having the following composition: By weight C = 88 %,H — 3*8 %, 
O = 2*2 %, ash = 6 %; the percentage of C0 2 by volume passing up the chimney at 
245° C. is 10*1 %. What percentage of C0 2 would you expect to read in the apparatus 
which you describe? 

Since the fuel contains H, and the flue gases at 245° C. contain 10-1 % C0 2 , one may 
presume that the analysis was performed at that temperature and therefore steam was 
present. 

In the Orsat the steam is condensed and therefore only the dry flue gases are analysed; 
hence the percentage C0 2 will be greater than 10-1. 

44 

Weight of C0 2 formed per lb. of fuel == -r x 0*88. 


Weight of H a O 

Volume of C0 2 = — x ~x 0*88 

OKQ 

Volume of H 2 0 = -x9x 0-038 

lo 


= 0-038x9 lb. 
= 26-3 cu. ft. 

= 6-8 cu. ft. 




In the actual products there will be in addition N 2 and 0 2 in such proportions that 
26*3 

N 2 +6 2 +26-3+6-8 = 10 ' 1%: whence N 2 +0 2 = 227 cu. ft. 

26*3 

Percentage C0 2 in the dry products = 227 +26-3 = %• 
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To estimate the weight of air supplied per lb. of fuel from measurements 
of C0 2 only. 

Under service conditions the complete analysis of the flue gases from a boiler, 
or internal combustion engine, is not a practical proposition, but many typos of 
automatic instruments have been introduced which will record the C0 2 content 
of the flue gas more or less satisfactorily. It remains then to investigate the value 
of this record as a guide to the efficient control of the process of combustion. 

Let C be the proportion of carbon by weight per lb. of fuel, H the proportion 
of hydrogen by weight per lb. of fuel, then the minimum weight of air per lb. of fuel 

and, if combustion is complete, tho Weight of C0 2 formed is 


44 

12 


x C lb. 


Let W be the actual weight of air supplied per lb. of fuel, then the weight of 
excess air is 


l *'4°tr[n 6 ' +8H ~ 


The weight of oxygen in this excess air is 


23 

100 




The weight of nitrogen associated with W lb. of air is 

77 


100 


w. 


The analysis of the resulting dry flue gas will be 


Constituent 

Parts by woiglit 1 

Parts by volume 


44 ^ 

C 

CO* 

12 XC? 

12 

* 

77 w 

HW 

N* 

100 x w 

400 

O, 



q ii 23 

Total parts by volume = jij + 400 W + 3200 

O-irfifc'H]- 



524 


Combustion 


% C0 2 by volume = 


<7/12 x 100 


+ IL T f + J3_rp r _i^/32/ 7 4.8^\l 

+ 400 W + 3200 W 23 \l2 C + * H )_ 


100C 


(^(88 + 23 )-^]' 


0/ CO - - 80 » 000c 

/0 2 3 [1 1 1JF— 800H] * 


(1) 


With solid fuels the hydrogen content is only of the order of 5 %, whilst W is 
about 18, so that 800 x 0-05 = 40 is negligible in comparison with 111 x 18 = 2000, 
and as an approximation 


o/ nr> _ 80,000(7 240C 

/o^2^ 333 W “ W ' 


( 2 ) 


The carbon content of an average bituminous coal is about 84 %, whence 


0/ 240x0-84 200 

/ 0 co 2 - w - w ■ 


( 3 ) 


If the percentage of C0 2 is known, equation (3) will give approximately the 
weight of air supplied per lb. of fuel. 


Excess air. 

The minimum air required for an average bituminous coal having the com- 
position H 2 , 5 %; C, 84 % is given by 

^0-84 x ~ + 0-05 x 8j x ^11-5. 

Hence the excess air 11-5 lb. per lb. of fuel burnt (4) 

The curve given by equation (4) is a hyperbola which gives infinite excess air 
when the C0 2 is zero, and even with small values of C0 2 the excess air may be 
very great. Now since the avoidable heat loss in the flue gas is directly propor- 
tional to the weight of excess air, equation (4) above shows that for this quantity 
to be small the C0 2 content should be great; so long as a high C0 2 content does 
not introduce other losses. 

The chief loss which accompanies an abnormal reduction in the quantity of 
excess air is that due to incomplete combustion, when the carbon is only con- 
verted to CO instead of C0 2 , and therefore only about one-third of the heat 
content of the carbon is released (see p.536). A similar loss, of almost equal amount 
per cubic foot of combustible gas which escapes unbumt, is experienced with 
hydrogen, since the calorific value of hydrogen and CO at n.t.p. are 340 and 
341 B.T.tr. per cu. ft. respectively. 
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(Senior Whitworth.) 

Ex* Obtain a simple formula connecting n, the number of pounds of air passing through 
the furnace to burn 1 lb. of coal, and the volume percentage of the C0 2 passing up the 
chimney. State clearly the assumptions you make. 

This formula is incorrect to the extent of about half a pound, why is this? 

200 

Arts, n = - - . 

vl/2 

Because in equation (3), p. 524, wo ignored // 2 , more exactly, by equation (1) 

r |F _800 H "| = _ 80,OOOC _ 2406 1 

L 111 J 333 x Percentage C0 2 Percentage C0 2 ' 

800 

In the approximation we ignored x H and with the hydrogen content of the fuel 

OAA 

5 % the value of x H is 0*36 lb. 

(B.Sc.) 

Ex. The weight of air supplied deduced from the C0 2 content of the flue gas. 

Obtain an approximate formula giving the number of pounds of air passing int o the 
boiler furnace per pound of coal burnt, assuming 

(a) That the percentage volume of C0 2 in the Hue gas is known, also the carbon 
content of the fuel. 

(&) That the flue gas analysis by volume is known, viz. C0 2 , 0 2 and N 2 , but the 
carbon content of the fuel is not known. 

Why should the second formula be used with caution? 

240(7 


From p. 524, 


Percentage C0 2 ‘ 


For the second portion of the question, consider one mol of dry flue gas having a 
percentage analysis of C0 2 , 0 2 and N 2 . 

The weight of 0 2 in the C0 2 — C0 2 ] 


The weight of the free 0<> 


The weight of the free N 2 — N 2 


The weight of the C 


12 CO 
ioo 


The 0 2 in combination with the products of combustion 


/ 28 , T 23 32 \ 

“(io6 N2>< 77 100 °7* 


The Oo in combination with the H» 


r 28 XT 23 32 A , pn ,“l 

- LM Ns!X 77 100 ( ° 2+ ° 2) J’ 

;. H 2 in the fuel = J[^N 2 x ^ - ~ (O, + CO j] (2) 
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If the fuel contains only H 2 and C, then the 

£j 

Percentage G = q x 100. 

By (1) and (2) in (3), 


Percentage C = 


1200, 
32 _ 


n + ^°_a 
100 


~ 1 f 28 23 XT 32 „ .-I , 12CO a 

8 |_100 * 77 X 100 { ° 2+ J + 100 

240000, ... 

o*x W 

^N 2 -80 2 +16C0 2 

The weight of air can now be computed from the equation 

NxC 

33(C0 2 +C0) # w 

By (4) in (5), the weight of air per lb. of fuel 

BOON 

_ 23N 2 + 176C0 2 -880 2 * w 

In the derivation of this equation wo assumed that the fuel contained only H 2 and C, 
and in the denominator of (6) we have 0 2 multiplied by a large coefficient. Now the 
slowness of the absorption of 0 2 renders this value, and also that of N 2 (which is obtained 
by difference), unreliable. 

As a check on the accuracy of (6) apply it to the case of flue gas having a composition 
C0 2 , 8-3 %; 0 2 , 11-4 %; N g , 80-3 %, the carbon content of the fuel being 80 %. 


Direct calculation gives 


80 x 80-3 
33 x 8-3 


By (6). 


800 x 80-3 


23 x 80-3 + 176 x 8-3-88 x 11-4 


= 23-45. 


= 27-8 lb. 


To show that when solid fuels are burnt the nitrogen content of the flue 
gas is of the order of 80 % by volume. 

From p. 523, the % N 2 in the flue gas is given by 


Percentage — w 

-4-- pP-J 

12 400 3200 


FT x 100 


L 23 \12 


(7+8# 


Percentage N 2 = 


11 TI7 23 H 

— Pf j py — 

400 3200 4 


(lll-SOO^) 
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To check the accuracy of this expression we have, when II = 0, 

Percentage N 2 = ~~ = 79-2, 

as for pure air. 

When burning pure hydrogen with the minimum quantity of air only N a will 
appear in the flue gas; so that (1 ) should give 100 %. 

From the equation, 2H a + 0 a =2H 2 0, the air required per lb. of H a 


23 


H 23 

= gjijr and percentage N 2 


8800 


•’ W~8 00 


111- 800 x 


800 


100 %. Q.E.P. 


Taking H 2 as 5 % and IF as 18 lb. for a bituminous coal, 

8800 


Percentage N 2 ==> 


111 - 


800 x 0*05 


^ 80 - 9 %. 


With oil fuels the hydrogen content is about 12 % and the air may be cut 
down below 18 lb. per lb. of fuel. Using these values, however, 

8800 


Percentage N 2 


111 — 


800 x 0*12 

[ 8 


= 83-3%. 


Control of combustion — C0 2 recorders. 

An experienced fireman can judge, from the appearance of the fire and the 
smoke produced, whether the air supply is correct or not. 

In the case of oil firing the air louvres are closed until smoke appears at the 
chimney (if this does not persist all the time), they are then opened until this just 
disappears;* a similar rough setting may be effected on the carburettor of a petrol 
engine. Unfortunately, however, men who are sufficiently intelligent to stoke 
will tire, and grow careless over so monotonous a task; so that, on a plant of 
reasonable dimensions, the installation of a C0 2 recorder is merited. 

There are a considerable number of commercial CQ 2 recorders on the market, 
but they may be classified as follows: 

1. Chemical absorption instruments (direct): 

Those which record a change in volume due to the absorption of the C0 2 at 
constant pressure. 

Those which record a change in pressure due to the absorption of the C0 2 at 
constant volume. 


Physical methods (indirect): 

2. Determination of the C0 2 content by variations in thermal conductivity. 

3. Determination of the C0 2 content by the difference in density of the gas. 

* A very pronounced shortage of air on oil-fired boilers is indicated by violent pulsation 
of the boiler casing. , 
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Class 1 . In this class a definite volume of gas is removed from the flue and 
is usually passed through caustic potash to remove the C0 2 . The contraction in 
volume, or the reduction in pressure, is then recorded as a measure of the C0 2 
content. Instruments of the constant pressure type are the Simmance Abady, 
the Sarco, the Mono, the Hays, and others. Of the constant volume type we have 
the Apex (Uehling), which is a continuous recorder in contrast with the constant 
pressure type which are intermittent. 

The electric C0 2 recorder. 

The principle on which this type of recorder works is that the value of the 
thermal conductivity of a gas depends on its composition. 

Taking the thermal conductivity of N 2 as 100; that of 0 2 is 101 ; CO, 96; C0 2 , 59 
and water vapour, 1 30. 

Now in the absence of radiation and convection, the rate of heat transmission 
through a gas depends upon the thermal conductivity of the gas. If therefore a 
simple means exists for measuring the rate of heat transmission through a gas 
of known thermal conductivity, then this gas can be identified. The simplest 
method of estimating the thermal conductivity of a gas is by means of an electric 
resistance; because the electric conductivity of a wire depends upon the tempera- 
ture of the wire, and this is turn depends upon the rate at which heat can be 
dissipated from it. 

If the wire is situated in a quiescent atmosphere of high thermal conductivity, 
then the current flowing will be greater than in the case of a wire situated in 
an atmosphere of low conductivity. 

Unfortunately, in this particular case, the thermal conductivity of a gas is also 
function of the temperature; so that compensation must be made for this as well 
as for radiation and convection. 


Galvanometer 



This is very simply effected by fitting a duplicate resistance which is sur- 
rounded by air and wiring these resistances in the form of a Wheatstone bridge 
(see Fig. 276). 

To limit radiation the resistance is heated to about 100° C., whilst con- 
vection is reduced by enclosing the resistance in a tube of approximately £ in. bore. 
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The bridge is balanced by introducing air into both the air and gas cylinders, 
and adjusting the resistances until the galvanometer shows zero. Known 
percentages of C0 2 in air are then passed through the gas cylinder, and the 
galvanometer reading is numbered in terms of these percentages. 

For the successful practical application of this principle, a number of other 
factors have to be considered, the chief of which are: 

(a) The flue gas must be freed from dust, moisture and corrosive impurities. 

# (6) The air and gas cylinders should be at the same temperature, and this 
should be high enough to prevent internal deposition of dew. 

(c) To avoid time lag the Wheatsotie bridge should be close to the gas sampling 
point. 

(d) Since flue gases are usually at a pressure lower than atmospheric, some 
reliable form of aspirator must be fitted. 


(e) The pipe connecting the instrument with the sampling point should be 
inclined so as to be self-draining, atid a water seal (to remove the condensate) 


should be fitted at the lowest point 
in the suction piping. 

The Ranarex mechanical CO a 

recorder. 

This recorder depends for its 
action upon the difference in 
density between C0 2 and the 
other constituents of the flue gas. 
[C0 2 - 44, CO - 28, N 2 = 28, 
0 2 = 32 .] 

A sample of flue gas is drawn 
by fan A and projected on to a 
bladed impeller A' which is con- 
nected by a parallel motion to a 
similar impeller B\ which re- 
ceives air from an impeller B 
rotated by a common belt in the 
opposite direction to A, but at the 
same speed. 

Owing to the difference in den- 
sity between flue gas (which has 
been carefully filtered by passage 
through cotton wool and water) 
and the density of air, the drag 
on A' is different from that on B\ 



Fig. 277. Ranarex CO a recorder. 


with the result that the pointer moves over a graduated scale which has pre- 


viously been calibrated by gas of known C0 2 content. 


W H K 


34 
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EXAMPLES 

1 . Explain the bearing that the composition of flue gases has on boiler economy. In 
what ways can a “combustion recorder” chart be used to check the work of a stoker? 

2 . Explain the working of any type of C0 2 recorder. What precautions should be taken 
when using this recorder on a boiler plant ? 

3. What factors influence the efficiency of combustion in boiler plant? To what extent 
is the C0 2 content of the flue gases an indication of the efficiency? 

(Junior Whitworth 1930.) 

4. Describe with sketches the method employed to determine the percentage C0 8 
in an ordinary test of a Lancashire boiler. 

(Junior Whitworth 1928.) 

5 . Describe carefully a method of measurement of a high temperature where a mercury 
thermometer would be inadmissible. Give sketches and indicate how accuracy is 
obtained. 

6. Ratio of carbon to hydrogen from exhaust gas analyser. (I.M.E. 1937.) 

The dry exhaust gases from an internal combustion engine burning a pure hydro- 
carbon fuel were found to contain: C0 2 , 12*5 %; CO, 2-7 %; N 2 , 83-4%, with small 
quantities of other gases. The fuel consumption was observed to be 24-3 lb. per hour. 
Estimate the ratio of carbon to hydrogen by weight in the fuel. Find the air /fuel ratio 
and thus the air consumption of the engine. Ans. 5-75 ; 14-16 to 1 ; 344 lb. per hr. 

Heat loss in flue gases. 

In boiler plant the necessity for chimney draught, and for a rapid rate of heat 
transmission, make it necessary for the flue gases to leave the boiler at a tem- 
perature considerably above that of the steam produced. 

This temperature, in conjunction with excess air, cause a wastage of heat 
which may amount to 25 % of the total heat produced by the fuel. 

The constituents of the flue gas which are responsible for this wastage are: 

(a) The dry products of combustion. 

(b) The excess air. 

(c) The steam in the flue gas. 

(а) The dry products of combustion, as the name implies, are the result of 
carbon reacting with air to form C0 2 , and possibly some CO together with the 
N a of the air which consumed both the C and the H 8 of the fuel. 

(б) The excess air has already been defined as that in excess of the minimum 
air to form H 2 0 and C0 2 from the H 2 and carbon in the fuel. 

(c) The steam in the fluegas comes from the following sources: 

(1) From the combustion of the free hydrogen in the fuel. That is, if the 
ultimate analysis of the dry fuel contains oxygen as well as hydrogen, then the 
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oxygen is invariably combined with the hydrogen; so that the percentage of 
free hydrogen is / O \ 

r*-v)- 


(2) From the vaporisation of the water of combination in the dry fuel. 

(3) From the vaporisation of hygroscopic moisture. 

(4) From the moisture contained in the air used for combustion. 

(5) From internal leaks in the boiler. 

The determination of the sensible heat lost in the dry flue gas involves first 
analysing the gas, and then converting this analysis to analysis by weight. 

If the percentage analysis by weight of each constituent is multiplied by the 
specific heat of the constituent, the product gives the sensible heat of the con- 
stituent per degree temperature per hundred pounds of dry flue gas ; and the sum of 
these products, divided by one hundred, is the mean specific heat of the dry flue gas. 

For the steam we must obtain thfc total heat at the higher temperature t 2 and 
at its prevailing pressure in the flue gas, and from this subtract the initial heat 
in the constituents derived from sources (1) to (5). 

The predominance of N 2 in the flue gas means that its specific heat 0*2438 will 
exercise the greatest influence on the mean specific heat, which, as an approxima- 
tion, may be taken as 0-24. 


Ex. Heat loss in flue gas. (B.Sc. 1929.) 

The volumetric analysis of dry flue gases in a boiler trial gives C0 2 , 13*2 %; CO, 1*8 %; 
0 2 , 3*2 %; N 2 , 81*8 % and their mean temperature is 440° C. If the composition by 
weight of the fuel fired is C, 88*0 % ; H, 4*4 % ; ash, 7*6 %, find the quantity of heat lost 
in the flue gas per lb. of fuel burnt. The specific heats of C0 2 , CO, 0 2 and N 2 may be 
taken as 0*216, 0*245, 0*217 and 0*244 respectively, and the boiler house temperature 
is 25*3° C. 


' Con- 
stituent 

Percentage 
by volume 
%v 

Molecular 

weight 

M 

Parts 
by weight 
M x % v 

Percentage 
by weight 
% w 

Specific 

heat 

Product 
x % tt> 

CO a 

13*2 

44 

581-0 

19*2 

0*216 

4*15 

CO 

1*8 

28 

50*4 

1*667 

0*245 

0*409 

0 , 

3*2 

32 

102*3 

3*39 

0*217 

0*730 

N, 

81*8 

28 

2290*0 

75*7 

0*244 

18*5 


— 

— 

3023*7 

99*957 

— 

23*795 


/, Average specific heat of the dry flue gas = 0*23795. 
To obtain the weight of dry flue gas per lb. of fuel: 

81*8x88*0 

Weight of air supplied per lb. of fuel — 33^372 + f&j “ lb. 

Weight of ash remaining = 0*076 

(Weight of fuel + Air — Ash) ~ 15*454 

Weight of steam = 9 x 0*044 = 0*396 

, Weight of dry flue gas per lb. of fuel 


« 15*058 lb. 
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Alternative method for the determination of the weight of the dry flue gas. 

From the tabulation the equivalent molecular weight of the mixture ia 30-237. In 
one mol of C0 2 and CO there are 12 lb. of C, whence total C in one mol of flue gas 

= 12(0-132 + 0018) = 1-8 lb. 

Weight of dry flue gas per lb. of fuel 

0-88 = 14 - 78 . 

1*0 


Heat lost in dry gas = 15-06 x 0-238 x (440 - 25-3) = 1488 

Heat lost in steam = 0-396[(100 - 25-3) + 539 + 0-48(440-100)] = 307* 

Total loss per lb. of fuel = 1795 


THE CALORIFIC VALUE OF FUELS 

Combustion. All chemical reactions are accompanied by heat exchanges; 
so, for a chemical equation to be complete, the heat involved in the reaction 
should be included on the right-hand side of the equation. 

If heat is given out the quantity is positive, and the operation is known as an 
Exothermic operation; if heat is taken in the operation is Endothermic, and 
the heat produced is negative. 

The amount of heat evolved by a reaction depends upon: 

(a) The reacting substances. 

(b) The mass of the reacting substances. 

(c) Whether the reaction takes place at constant pressure or constant volume. 

( d ) The initial and final states of the substances. For instance, if carbon is 
first burnt to CO, and then this CO is burnt to C0 2 , the same amount of heat is 
evolved as if the carbon were burnt directly to C0 2 . 

The amount of heat evolved is independent of the time occupied by the 
reaction, but time determines the type of reaction. If a long time is involved, as 
in the rusting of iron, we have Oxidation. If the oxidation takes place rapidly 
with the evolution of heat and light, wo have Combustion. If the rate of the 
reaction is extremely rapid, so that a loud report is produced, we have what is 
known as an Explosion. 

To show that the heat evolved by a chemical action depends only upon 
the initial and final states of the reacting substances. 

Consider the combustion of carbon; if it is burnt directly to C0 2 the 
chemical equation is [0] + (Ol ) _ (COJ+HcatS,, (1) 

the square brackets indicating the solid and the round brackets the gases. 

* The partial pressure of the steam was not given, so that the total heat was taken at 
14*7 lb. per sq. in. This will differ very little from the true value. 
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Indirectly the carbon may be burnt to CO, and then this CO burnt to C0 2 ; 

US 

2[C] + (0 2 ) = 2(C0) + 2H 2 , (2) 

2(C0) + (0 2 ) = 2(C0 2 ) + 2/7 3 . (3) 

Adding equations (2) and (3) 

2[C] + (0 2 ) + 2(CO) + (O,) = 2(C0) + 2(C0 2 ) + 2 // 2 + 2// 3 . 

C + O, = C0 2 + // 2 + // 3 . (4) 

Comparing equations (1) and (4) we see that // 2 + J7 ;1 = // x . 


Another important principle is, that by the conservation of energy, the 

energy to decompose a substance is equal to the energy evolved in its 
formation. : 


Ex. If the combustion of 1 lb. of hydrogen releases 34,500 c.H.U., provided the 
steam formed is condensed, show that 1 lb of water requires the addition of 
3830 c.H.tr. to decompose it into H 2 and () 2 : 

2H 2 + O g = 2H 2 0 + heat. (1) 

Equation (1) involves the combustion of 41b. of H 2 , hence the heat generated is 
4 x 34,500 c.h.u. 

On reversing equation (1). 

2H 2 0 + 4 x 34,500 = 2H 2 4- 0 2 . 

But the molecular weight 2H 2 0 is 36. 

Therefore the heat to decompose 1 lb of water is 


4 x 34,500 
36 


= 3830 c.h.u. 


The calorific value (c.v.) or calorific power of a fuel. 

The calorific value of a fuel is defined as the number of heat units, o.h.u. or 
b.t.u., developed by the complete combustion of one pound of fuel. 

If this quantity is multiplied by the molecular weight of the fuel, we have the 
calorific value per mol, and this is H 1 in equation (1), p. 532. 


Determination of the calorific value of a fuel. 

The calorific value of a fuel is determined most precisely by direct experiment, 
in which a known quantity of fuel is burnt and the heat evolved is absorbed by a 
d efini te weight of water, the temperature rise of which is measured. 

Alternatively, Dulong showed that if the calorific value of the elementary com- 
bustibles carbon, hydrogen and sulphur are known, and the ultimate analysis 



536 


Combustion 


tion it is customary to refer them to a common standard, thus: The number of 
pounds of carbon required to produce the same amount of heat as one pound of 
fuel is known as the carbon equivalent of the fuel, and is given by the 

rati ° c.v. o f fuel 

c.v. of carbon* 

The evaporative power of a fuel is the number of pounds of water which one 
pound of fuel could convert into steam at atmospheric pressure, if the water were 
already at 100° C. 

. c.v. of fuel in c.H.u. 

' . vapora ive power — - (the latent heat of steam at i4*7 lb. per sq. in.)* 


Loss of heat due to incomplete combustion. 

If the air supply is insufficient to allow the carbon to be burnt to C0 2 , then CO 
will be produced, and a loss of heat will result, because the combustible gas, CO, 
will pass away in the exhaust gas and be wasted. A low temperature or incomplete 
mixing of the fuel and air will produce the same result. 

One pound of carbon burnt from C to C0 2 , at constant pressure, produces 
8100 c.h.tj. One pound of carbon (not one pound of CO) when burnt from CO to 
C0 2 , at constant pressure, produces 5650 c.h.tj., hence the heat evolved in burning 
one pound of C to CO is 

(8100-5650) = 2450 C.H.TJ. (see p. 532). 


The percentage loss of heat in burning one pound of C to CO instead of to C0 2 
is therefore 


5650 

8100 


x 100 =^70%. 


The presence of soot and sometimes H 2 and CH 4 in the flue gas indicates a 
further loss of heat, and in large power plants continuous recorders for the 
determination of the (CO 4- H 2 ) in the flue gas are installed. 

These meters operate on the principle that by mixing a sample of flue gas with 
air and bringing this into contact with an electrically heated platinum resistance, 
maintained at 450° C., the platinum acts as a “catalyser” and ignites any com- 
bustible gas present. This combustion heats the wire still further, and the in- 
creased resistance, consequent on the temperature rise, is a measure of the H 2 
and CO content of the flue gas. 

Ex. If the exhaust gas from a petrol engine contained 8 % C0 2 and 2 % CO, and the 
carbon content of the fuel was 85 %, determine the heat loss per lb. of fuel due to 
incomplete combustion. 

CO 2 

Proportion of C burnt to CO = ^ - ^ « - - = 0*2. See p. 515. 

CUg + CO 10 

/. Heat loss per lb. of fuel = 0*2 x 0*85 x 5650 — 960 c.h.tj. 
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(JB.Sc. 1920.) 

Ex, Loss due to incomplete combustion, nitrogen content of flue gas not given. 

In a boiler trial the volumetric analysis of dry flue gas was CO* =» 13-0 %, CO = 1 *5 %. 
The analysis of the coal fired was C - 85 %, H = 4 %, by weight. Determine the weight 
of air supplied per lb. of fuel. 

If the calorific value of the coal is 8250 c.n.r., find the percentage heat lost in in- 
complete combustion. 

In both one mol of C0 2 and one mol of CO there are 12 lb. of carbon. If therefore the 
weight of carbon burnt to C0 2 and that to CO are known, the n.t.p. volume of C0 2 and 
CO in the flue gas can be computed, thus: 


The proportion of carbon burnt to CO is given by 


CO 

C() 2 +CO 


(see p. 515) 


1* 5 

13*6+1-5 


0-09935. 


Total carbon per lb of fuel = 0-8500 

Carbon burnt to CO = 0*85 x 0*09935 = 0-0844 

Carbon burnt to C0 2 = 0*7050 

358 

Volume of C0 2 per lb. of fuel = - ' x 0-7656 — 22-87 cu. ft. 

1 A 

Volume of CO per lb. of fuel = x 0-0844 = 2-52 
Total = 25*39 cu. ft. 


The flue gas will contain in addition the nitrogen N 2 in the products of combustion 
plus excess air, i.e. (N 2 +A); so that the total volume of the dry flue gas reduced to 
N.T.P. is (25-39 + N 2 + u4). 

The percentage by volume of the C0 2 is 13-6. 

22-87x 100 
’■ 25-39 + N 2 +k “ 

.\ N 2 + 4 - 142-8* 

CO + C0 2 = 25-4 

Total volume of dry gas per lb. of fuel = 168-2 cu. ft. at n.t.p. 

We must now obtain N 2 in the minimum air supply, thus: 


Con- 

stituent 

Proportion 
by weight 

Combustion equation 

O a required 

C 

0-7656 

0 + 0, = CO, 

12 32 44 

2-043 


0-0844 

2C + 0, = 2CO 

24 32 56 

0113 

II 

0-04 

2H,+ O a = 211,0 

4 32 36 

0-32 


Total O, = 2-476 lb. 


* A similar result could be obtained by working with the CO. 
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(N a + A) = 142-8 

77 

N 2 = 2-476 x~' x ~ = 106-7 cu. ft. 

.*. A = 37-1 

Nitrogen in this excess air = 37-1 x 0-79 = 29-3 
Nitrogen in the products of combustion = 106-7 

Total N 2 = 135-0 

135 

,\ Percentage N = 1 80 ' 2 - 


From the equation 


NxC 

33(C0 2 +C0) 


the weight of air per lb. of fuel is given by 


80-2 x 85 
33(13-6 + 1-5) 


13-7 lb. 


Heat lost in incomplete combustion = 10,140 x 0-09935 x 0-85 = 857 b.t.u. 

857 

Percentage loss = ^ -jr — p-— x 100 = 5-77. 

8250 x 9/5 


Alternative solution. 

First calculate the volumetric analysis of the dry flue gas when the minimum weight 
of air is supplied, thus: 


Constituent 

Parts by weight 

1 

M 

Parts by weight 
M 

Percentage 

volume 

co 2 

CO 

i 

n 2 

44 

0-7656 x — 

1Z 

oc 

0*0844 x 

1L 

77 

2-476 x 

1 

44 

1 

28 

1 

28 

0*0638 

0*00703 

0*2950 

17*43 

1*92 

80*7 


0*36583 

100-05 


The actual volumetric analysis is C0 2 13-6 and CO 1 -5, these reduced values resulting 
from the excess air A per 100 ou. ft. of dry products. 


. 17-43 

*• 100+A 


x 100 = 13-6. 


A - 28 cu. ft. Total N 2 = (80-7 + 0-79 x 28) = 102-8. 

102-8 

.’. Percentage N 2 = = 80-3 %. 

The remainder of the problem is as previously solved. 

Alternatively the air supplied = x 2-476 x ~ = 13-8 lb. 

lo'b 23 
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Calorific value at constant pressure and constant volume. 

When a fuel is burnt at constant volume, in a heat insulated vessel, the whole 
of the heat liberated is stored as internal energy in the products of combustion; 
whereas, if the fuel is burnt at constant pressure, and the volume of the products 
of combustion, when reduced to n.t.p., differs from the n.t.p. volume of the air 
and fuel supplied, then external work is done. 

In calorimetric tests it is the change in internal energy which would occur if 
combustion took place in a heat insulated vessel that is conveyed to the cooling 
water, since in ideal calorimetry the final temperature of the products must 
equal the initial, and therefore a fuel, which by combustion produces an increase 
in volume, will show a smaller c.v. when burnt at constant pressure than when 
burnt at constant volume, although the heat liberated by the fuel is the same in 
both cases and is given by 

Heat liberated by the fuel = p/J Change in volume + Change in i.e.* (1 ) 

Let the change in volume produced by combustion be n mols per mol of fuel 
supplied, then since per mol pv = 2780 T, the external work performed, expressed 
in c.h.u., will be 

. npv/J = nx 2780/1400 x T — nx 1-985T. 

• Heat liberated per mol of fuel = l-985wT + Chango in i.e. per mol of gas. 

(2) 

When n is zero, the heat liberated by the fuel is the o.v. per mol, as when the 
fuel was burnt at constant volume; but if n is not zero, then the change in I.E. 
is the recorded c.v. per mol, and this differs from the heat liberated by the fuel. 
According to the relation 

(c.v. at constant volume) = l-985n.!Z 7 + (c.v. at constant pressure) (3) 


If combustion produces a contraction in volume, then n is negative and the 
o.v. at constant pressure is greater than that at constant volume. 

Ex. If the calorific value of hydrogen, when burnt at constant pressure, is 34,500 o.H.u. 
per lb., what is its calorific value when burnt at constant volume? 

The combustion equation for hydrogen when supplied with an- is 

2H a +0 2 +^N = 2H 2 0+gN. 

On cooling the products down to n.t.p. the steam will condense, so that the change 


in volume is given by 


79 

21 


mols — [gj- + 1 +2^J mols, 


i.e. -3 mols per 2 mols of H. 

o.v. at constant volume = - 1-985 x f x 273 + 2 x 34,500 per mol. 
c.v. per lb. = - 1-985 x | x 273 +34,600 = 34,094 O.H.U. 

* See p. 19 and Appendix. 
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The effect of the latent heat of a liquid fuel on its calorific value. 

In the combustion of a liquid fuel, it is not the liquid which burns, but the 
vapour given off from the liquid. If therefore a liquid fuel is vaporised and burnt, 
the heat evolved will be greater, to the extent of the latent heat of the fuel, 
than in the case where the fuel has to vaporise itself. 

In a petrol engine combustion takes place at constant volume, and, if a heated 
manifold is supplied, then the available heat per lb. of fuel is the c.v. obtained 
at constant volume in a bomb calorimeter + the latent heat of the fuel evaporated, 
and this amounts to about 80 o.h.u. per lb. of fuel * 



Fig. 278. Fig. 279. 


The bomb calorimeter. 

This calorimeter was introduced by the late M. Berthelot, and it is accepted as 
the only type of instrument which gives a reasonably accurate determination of 
the calorific value of a solid, and sometimes a liquid fuel, when burnt at constant 
volume in an atmosphere of oxygen. 

The name of the apparatus obviously arises from the shape of the vessel in 
which the fuel was originally burnt at a pressure of possibly 600 lb. per sq. in. 
Since M. Berthelot’s day a variety of types of bomb have been made, and a most 
recent type, due to Prof. Scholes, is free from many of the defects of the early 
* In Diesel engines the fuel is vaporised in the cylinders and the exhaust temperature 
exceeds 100° C. So the lower c.v. uncorrected for the latent heat of the fuel should be 
taken. 
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bombs. Prof. Scholes’ bomb is illustrated in Figs. 278 and 279, which were sup- 
plied through the courtesy of G. Oussons, Ltd., Manchester. 

The bomb body is made of stainless steel, and consists of a base (2) which sup- 
ports the platinum crucible (3), the purpose of which is to contain the sample of 
fuel. The screwed cover (1) carries a hydraulic joint at its base, and this is an 
effective seal against gas leakage without having t o resort to undue tightening 


Lamps 



of the cover on to the body of the bomb. In the cover is placed the oxygen 
connection and products release valve. The crucible supports act as conductors 
for the current which is used for igniting the fuel. 

During a calorimetric test the bomb is placed inside a copper vessel, known as 
the Calorimeter, which contains 2500 c.c. of water that is agitated by a stirrer. 
To reduce radiation loss a felt-lagged water jacket forms an air space around the 

^Since the weight of fuel that can be burnt without an unduly high rise in pressure 
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is limited to about f of a gram, it is obvious that in view of the large quantity of 
water in the calorimeter the resulting rise in temperature of the water will not 
be great, and therefore a very precise form of thermometer, known as the 
“Beckmann thermometer”, must be employed, if accuracy is aimed at. 

A convenient arrangement for firing the fuel, by current supplied direct from 
the mains, without the danger of “blowing a fuse”, is shown in Fig. 280. To test 
the circuit, only one lamp should be fitted. If this lights, the circuit is complete, 
and fusing may be effected by supplying sufficient lamps to give the fusing 
current that may be determined by a prelir^nary test. "When transferring the 
bomb to the calorimeter there is a dangr _ Dreaking the contact between the 
fuse and wire. To ensure ignition in spile? of this, stand the briquette on a piece 
of cotton which is attached to the fuse wire. 



Procedure during a calorimetric test. 

The water jacket should be permanently filled, and the calorimeter supplied 
with 2500 c.c. and allowed to stand for some hours before the test, so that it may. 
assume room temperature. 

The fuel to be tested should be selected by Coning and Quartering, and 
the selected sample reduced to a powder, which should be dried at 220° F. prior 
to being compressed into a briquette* by the split mould shown in Fig. 281. The 
weight of the briquette should be determined accurately, but as an approximation 

* Briquetting removes the dangers of some fuel being blown out of the crucible by the ' 
supply of oxygen or the fusing of the ignition wire. 
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it should not greatly exceed f of a gram. After carefully transferring the briquette 
to the crucible, about 10 cm. of 0*004 in. diameter nichrome wire* should be 
attached to the ignition rods by the clamping sleeves, and the crucible should be 
swung round until the loop of wire touches the briquette. 

For making the hydraulic joint place 16 c.c. of water in the base, and then 
lightly screw on the cover. 

Couple the oxygen cylinder to the bomb, and, with the release valve closed, 
raise the pressure in the bomb to 25 atmospheres. Place the charged bomb in the 
calorimeter, make the electrical connection, and fit the thermometer, start the 
stirrer and take readings of temperature at equal increments of time. Continue 
the readings for 10 to 15 min., and then close the switch and take temperature 
readings for a further 15 min., the stirrer being kept in motion all the time. By 
plotting the recorded temperatures, on a time base a correction may be made to 
allow for radiation, thus: } 

Newton’s law of radiation state! that heat 
loss is directly proportional to temperature 
head t and to time T\ so that heat flow is given 

C T 

by K tdT , i.e. the area under the curve A B, 

Fig. 282. 

In our observations we merely plot tem- 
perature and not temperature head, but if we 
arrange the temperature of the calorimeter to 
be originally just below that of the jacket, and, 
after combustion, to be just higher than that of the jacket, then a curve similar 
to Fig. 283 results. On this curve the hatched areas represent the heat gained 
from the atmosphere and the heat lost to the atmosphere during combustion. 



Pig. 283. 

;; * Nichrome is preferable to iron as it does not oxidise so readily, apd is therefore a more 

certain igniter. 







544 Combustion 

If the temperature of the enclosure could be adjusted so that the hatched areas 
were equal, then the radiation corrections would cancel each other. To make this 
adjustment would be difficult, and is quite unnecessary, since the flatness of the 
curves A B, DE is such that, when the hatched areas are equal, the dotted areas 
must be very nearly equal. Hence, produce the temperature curves to B and D, 
and, by trial, draw a vertical line BD so that the dotted areas are about equal. 

The temperature rise, corrected for radiation, is given by the length BD, and 
since the time occupied by this fictitious temperature rise is zero, then no heat 
is lost by radiation. 

Ex. Bomb calorimeter. (B.Sc. 1935.) 

Sketch and briefly describe a bomb calorimeter. 

The following particulars refer to an experimental determination of the calorific 
value of a sample of coal containing 89*4 % C and 3*43 % H: Weight of coal = 0*8620 
grm. Weight of iron wire = 0*0325 grm. of calorific value 1(300 grin. -cal. per grm. Weight 
of water in calorimeter 2000 grm. Water equivalent of calorimeter 350 grm. Observed 
temperature rise 16*235° C. to 1 9*280° C. Cooling correction +0*017° C. Find the 
higher and lower calorific values of the coal. 

Would you expect these values to be different from a determination at constant 
pressure? If so, why? 

Heat absorbed. 

Equivalent mass of water raised in temperature 

= 2000 + 350 = 2350 grm. 


Final temperature = 19*280 

Initial temperature = 16*235 

Temperature rise = 3*045 

Cooling correction = 0*017 

Corrected temperature rise = 3*062 

Heat received = 2350 x 3*062 = 7200 

Heat from fuse wire = 0*0325 x 1600 = 52 

Heat from fuel = 7148 


Higher c.v. of fuel = ^ 

Steam formed per lb. of fuel = 9 x 0*0343 
Latent heat of formation at 100° C. = 0*3085 x 540 
Lower c.v. of fuel = 8280 — 167 

For the complete combustion of carbon we have 

C + O 2 ^ CO 2 + Heat, 

i.e. one mol of 0 2 produces one mol of C0 2 , so there is no change in volume and therefore 
the c.v. of the carbon constituent is the same at constant pressure as at constant volume. 

For hydrogen, 2Ha + o a = 2H 2 0 + Heat. 

At N.T.P. on the left-hand side of the equation we have 3 mols of gas; whilst on the 
right-hand side the volume may be taken as zero, since the steam formed is condensed. 


= 8280 c.h.u. per lb. 

= 0*3085. 

= 167. 

= 8113 c.h.u. per lb. 
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Hence combustion causes a contraction in volume, and therefore the o.v. of the H a 
constituent at constant pressure is greater than at constant volume. 

A constant pressure determination of o.v. will therefore give a slightly higher O.v. 
than a constant volume determination. ° 

Determination of the water equivalent of a bomb calorimeter. 

The water equivalent of the apparatus may be obtained by burning a weighed 
sample of a fuel that may be obtained in great purity and the c.v. of which is 
known precisely. Benzoic acid, camphor and resublimed naphthalene meet 
these requirements. 

The procedure is to weigh the crucible and about 4 in. of iron fuse wire, and into 
the crucible place about 1 to 1 \ grams of benzoic .acid. Melt this down and cast 
in the fuse wire, then weigh the whole in order to obtain the weight of acid. 
Place the crucible in tine bomb, which should then be reassembled and charged 
with oxygen to about 25 atmospheres. Immerse the bomb in water to test for 
leaks. If the joints are satisfactory make the electrical connections and start 
the stirring gear. Take temperature readings at intervals of a minute, for at least 
10 min. After 5 min. close the switch to ignite the fuel, and continue the readings. 
The results of this experiment are as follows: 

Weight of crucible + Benzoic acid + Iron wire 
Weight of crucible 

Weight of iron wire 
Weight of benzoic acid 

Calorific value of benzoic acid = 6328 o.h.tj. 

Calorific value of iron wire = 1600 G.H.U. 

Heat in benzoic acid = 1*7956 x 6328 

Heat in iron wire = 0*0082 x 1600 

Heat supplied 

Corrected temperature rise == 4-797° C. 

... . 11383*1 

Heat generated per degree rise in temperature = ” 4 . 797 “ 

Heat in 2000 c.c. of water per degree 
Water equivalent of bomb 

The calorific value of liquid fuels by the bomb calorimeter. 

The procedure to be adopted depends on the fuel; if this is so volatile that it 
cannot be weighed in an open crucible without loss, or would form a dangerously 
explosive mixture with oxygen, then the sample must be drawn into a tared thin 
glass bulb,* by alternate heating and cooling of the bulb, which is then sealed off 
and weighed. To burst the bulb, when it is placed in the bomb, it is encircled by 
* Alternatively a celluloid capsule of known calorific value may be used. 


= 6-9167 g 
= 5-112 9 

- 1-8038 
= 0-0082 
= 1-7956 

= 11370-0 
= _ 13-1 
= 11383-1 

= 2375 

- 2000 
= 375 


W IT K 


33 
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cotton coated with paraffin wax, which is ignited, so that due allowance must be 
made for the calorific value of the wrapping. Precaution should be taken against 
the fuel spraying during the bursting of the bulb 
by standing the bulb on alundum powder, A sketch 
of the arrangement, together with the results of 
a test, are given below. 

In testing fuel oil, which is almost non-volatile 
at atmospheric temperature, about 0*9 c.c. may 
be run on to a layer of Fuller’s earth* contained in 
the crucible. The combined weight of crucible and 
powder is first obtained, and later — by taking a 
difference — the weight of the fuel may be esti- 
mated. The remainder of the operation is similar 
to that employed for solid fuel. 

Ex. Calorific value of oil fuel. (B.Sc. 1933.) 

In an experimental determination of the calorific value of an oil having a hydrogen 
content of 1 2*5 % the following data were obtained: Weight of oil = 0*882 grin. Weight 
of water = 2532 grm. Rise in temperature of water = 2*851° C. Cooling correction 
+ 0*059° C. Weight of cotton used in igniting oil = 0 005 grm. Calorific value of cotton 
= 4000 c.H.u. per lb. Water equivalent of calorimeter = 810 grm. Temperature of 
laboratory = 10° C. Find the higher and lower calorific values of the fuel. 

Heat to water = (2532 + 810) (2*851 +0*059) - 9733 
Heat in cotton = 0*005 x 4000 = 20 

Heat from oil =9713 

9713 

Higher calorific value = / -r = 11,010 c.H.u. 



Steam formed = 9 x 0*125 = 1*125 lb. (per lb. of oil, since e.v. is calculated on 1 lb. of 
fuel). 


Latent heat at 100° C. — 540 


Higher c.v. of fuel = 11,010 

Heat in steam formed = 540 x 1*125 = 008 


Lower c.v. of fuel 


= 10,402 c.H.u. 


The calorific value of gaseous fuels. 

The calorific value of gaseous or volatile fuels is more readily obtained than 
that of solid fuels, because the fuel may be burnt at atmospheric pressure in a 
special boiler, and a heat balance drawn up between the heat supplied to the 
boiler and that removed from it (see Fig. 285). 

Relative to 0° C. the heat entering the calorimeter per minute is 

(a) The c.v. of the gas multiplied by the quantity of gas consumed per min. 

( b ) The sensible heat in the air and gas supplied. 

(c) The sensible heat in the circulating water. 

* The object of using some siliceous material to make combustion more regular, and 
prevent some fuel being shot on to the cold sides of the bomb. 
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The heat leaving the calorimeter is 

(а) The sensible heat in the cooling water. 

(б) The sensible heat in the products of combustion. 

(c) The sensible heat in the condensate produced from the hydrogen in the 
fuel and the moisture in the gas and air. 

(d) That due to radiation. 



In an efficient calorimeter, properly run, the products will leave at almost the 
same temperature at which the air was supplied, so that these heat quantities will 
cancel each other, and the low product temperature means that radiation will 
be absent. Under these conditions the calorific value of the gas as burned 
will be 

Temperature rise x Mass of circulating water per unit time x Specific heat 
Volume of gas consumed per unit time 

It must be obvious that to secure a low outlet temperature of the products of 
combustion, without the production of smoke, a definite relationship must exist 


35-3 
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between the rate at which the gas is burnt, and the rate of flow and the tem- 
perature rise of the circulating water. The Board of Referees have recommended 
a meter speed of of 1 cu. ft. per min., for a test occupying 4 min., during which 
2100 ± 50 c.c. of water should be circulated, and the temperature rise should be 
about 20° C. 




A gas pressure regulator, shown in Fig. 286, is used to damp out the pulsations 
in the gas supply which would affect adversely the results. In the same way a weir 
is provided to ensure a uniform supply of circulating water, while, to avoid air 
bubbles which would affect the specific heat of the water, the water should be 
drawn from a tank in preference to the mains. 
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Strictly speaking, the gas pressure and temperature should be measured at the 
meter, since this is where the volume is recorded, and for comparative results 
the recorded volume should be reduced to s.t.p.* When referred to t his standard 
lighting gas has a calorific value of 500 b.t.u. per cubic foot, one therm being 
100,000 b.t.tj. 0 

The apparatus illustrated in Fig. 288 is used for calibrating the gas meter. 
It consists of a jar having a capacity of of a cubic foot coupled to an aspirator 
tank. With the tank in the position shown and cock JB open, the jar may bo 
filled with water. On closing cock B and opening A, and lowering the tank, gas 
will flow into the jar. When the jar is full the volume recorded by the meter 
should be ^ of a cubic foot. 



Calorific value of coal gas. (B.Sc. 1912.) 

A sample of gas was tested in a Junker gas calorimeter and the results were: Gas 
burned 2*13 cu. ft. Temperature of gas 53° F. Pressure of gas supply 2*1 in. of water. 
Barometer 29*92 in. of Hg. Weight of water heated by the gas />0*3 lb. Temperature 
of circulating water, inlet 47*6° F., outlet 72*4° F. Steam condensed during the test 
0*116 lb. Determine the higher and lower calorific value per cu. ft. at a temperature 
of 60° F. and barometric pressure 30 in. Hg. 

We must first refer to the volume; as burned to the standard condition thus: 


Pi'H _ 

Ti T 2 
Supply Standard 


_ T 9 

v 9 == x m ' 

P 2 1 1 


v x = 2*13, T x = 513° F., T % = 520° F. 

Pl = 29-92+^ = 30-075 p 2 = 30. 

* s.t.p. is standard temperature 60° F. and standard pressure 30 in. Hg. 
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(I.M.E. 1937.) 

9. The lower calorific value of benzene (C G H 6 ) is 9640 c.H.u. per lb. Find the volumetric 
heat in c.H.xr. per cu. ft. of air benzene mixture at n.t.p., when in the proportions giving 
chemically correct combustion. Neglect the volume of the fuel. 

What is the percentage change of volume on combustion? 

Air contains 21 % by volume of oxygen. Ans. 58-2 c.H.u.; 4*2% at n.t.p. 


10. Heat loss in products, excess air, and incomplete combustion. 

The gas analysis in a boiler trial was C0 2 , 10*5 %; CO, 1 %; 0 2 , 8 %; N a , 80*5 % and 
coal analysis burned was C = 82 %, H 2 = 4-2%; 0 2 = 4*8%, other matter 9%. 
Calculate the following items in the heat balance per lb. of coal, the temperature of the 
flue gases being 600° F. and temperature of air supply = 60° F.: 

(a) Heat carried away by products of combustion. 

(b) Heat carried away by excess air. 

(c) Heat lost in incomplete combustion. 

Average specific heat of products = 0*24; average specific heat of air = 0*238. 

Ans . 1510, 855, 724 b.t.u. 

11 . Orsat apparatus. Loss due to incomplete combustion. (B.Sc. 1935.) 

Carefully sketch and briefly describe the apparatus you would employ to analyse 
the flue gases during a boiler trial. Show how you would use the apparatus and explain 
what precautions you would take to minimise the lag between the apparatus and the 
flue. 

A boiler fired with coal having a calorific value of 8200 c.H.u. per lb. and containing 
84 % C gave a flue gas analysis of C0 2 , 15*1 %; CO, 2*3 %. Neglecting the ashes and 
clinker, find the percentage loss due to incomplete combustion. One pound of C burnt 
to CO and C0 2 gives respectively 2420 and 8080 c.H.u. Ans . 7*66 % . 

12. Nitrogen content not given. (London B.Sc. 1923.) 

A boiler is fired with coal having a percentage composition : carbon, 85* 1 % ; hydrogen, 
4*2%; oxygen, ash, etc., 10*7%. The analysis of dry flue gases shows 10*2% C0 2 . 
Estimate the weight of air supplied to the furnace per lb. of fuel fired. 

If the measured temperature of the flue gases at chimney base is 410° C. when con- 
sumption of boiler is 1625 lb. per hr., find the mean speed of the flue gases entering the 
chimney if its cross-sectional area is 18 sq. ft. Ans . 20*4 lb.; 16*13 f.p.s. 

13. Loss due to incomplete combustion. No N 2 given. (Senior Whitworth 1922.) 

Explain, with sketches, how the dry boiler flue gases can be analysed. 

An analysis of the flue gases in a boiler trial gave 12*5 % C0 2 , 1 % CO. The chemical 
analysis of the dry fuel gave 84 % C and 5 % H. Determine the weight of air used per lb. 
of fuel consumed. What percentage of fuel is lost due to incomplete combustion if the 
calorific value of the dry coal is 8300 c.H.u. per lb. ? 

The calorific value of C = 8050 c.H.u. per lb. when burnt to CO a and 2400 c.H.u. per lb. 
when burnt to CO. Ans. 15*21 lb. ; 4*24 % . 
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14. No nitrogen given. (Senior Whitworth 1925.) 

The analysis by weight of coal used in a boiler gave C, 80 %; H 2 , 4 %; 0 2 , 3 %; and 
the analysis by volume of the dry flue gas gave 10-4 % C0 2 . What percentage of 0 2 
and N 2 should be obtained in the volumetric analysis of dry flue gas, assuming no CO 
was present and that the combined 0 2 of the fuel was free to aid the incoming air to 
consume the fuel? 

If the rise in temperature of the flue gases was 350° C., give the total heat passing up 
the chimney due to both wet and dry flue gases per lb. of fuel burnt. 

Assume a mean specific heat of the dry gases as 0-23. 

Arts. 0 2 , 9-27 %; N„ 80-3%; Total heat, 1935 c.iur. 
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from the fuel and air. The moisture and hydrogen content of the fuel has already 
been determined, that in the air is obtained by a means of a hygrometer. 

The total heat in the steam associated with the flue gas may be obtained from 
tables, if the dew point is known, but in most trials this is not known, and as an 
approximation the total heat is taken at 14*7 lb. per sq. in. Since over a small 
pressure range the total heat is almost invariable. 


Ex. Boiler trial. 

The object of the trial is to obtain a heat balance for an enonomic type of boiler, 
using only the standard equipment normally employed in operating the boiler. 

Particulars of the boilers. 

Type. Economic brickset typo. 

• Method of stoking. Standard. 

Draught. Natural. 

Length. 12 ft. 0 in. Diameter 6 ft. 6 in. 

Grate area. 2 ft. 10 in. by 5 ft. 0 in. = 14-2 sq. ft. 

Heating surface. 590 sq. ft. 


Ratio. 


Heating surface 


= 41-6. 


Grate area 

Rated evaporation. 2950 lb. per hr. from feed at 60° F. 

Fuel. Bituminous slack: firing rate 4 cwt. per hour; ash £ cwt. per hour. 

Proximate analysis gave 

Fixed carbon = 58-3 %. 

Volatile matter = 33*3 %. 

Moisture = 3*8 %. 

Ash = 4-6 %. 

By reference to Bramc’s book on fuels, the ultimate analysis of a similar bituminous 
slack, together with the proximate analysis, is given, so from our proximate analysis the 
ultimate analysis may be inferred as C, 86-4 %; H, 5-2 %; H 2 0, 3*8 %; ash, 4*0 %. 

The calorific value of the fuel by means of the bomb calorimeter was found to be 
7280 c.H.u.; that of the ash, from the ash pan, was too small to be determined. 

Flue gas. C0 2 , 11-3; 0 2 , 8-2; N, 80-5. 

. r , 80-5x86*4 

Weight of air per lb. of fuel = 

Weight of air + 1 lb. of fuel 


33x11-3 


= 18*67 lb. 


19*67 

0-03 


Weight of ash from ash pan per lb. of fuel = 

Weight of flue gas 19*64 

Steam formed by combustion 9 x 0*052 + 0*038 — 0-506 

Weight of dry flue gas = 19*134 lb. 

Average temperature of flue gas = 325*5° C. 

Average temperature of boiler room = 12*5 

Temperature rise = 313*0° C. 

Heat lost in dry flue gas = 19*134 x 0*24 x 313 = 1435 
Heat lost in steam = 0*506 x 740 = 374 

Total heat lost = 1809 

* See The Engineer , Feb. 4, 1944. 
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Feed water. 


Double strokes of pump per hr. 

Calibrated discharge per 100 double strokes 
Total discharge per hr. 

Feed temperature 


= 1534-6 
= 236 lb. 

= 3622 lb. 
= 77° C. 

Heat in the feed per lb. of fuel above 0° 0. = ‘1 * o.il.u 

448 

Steam. 

Gauge pressure = 34 lb. per sq. in. 

Barometer = 1 4-4 

48-4 lb. per sq. in. 

Dryness fraction = 0-97. 

Total heat per lb. of steam = 137-7 + 0-97 x 515 -= 637-7 o.h.tt. 

Heat in steam per lb. of fuel = 637-7 x — = 51 55 c.n.u. 

448 

Heat account per lb . of fuel . 

Heat transferred to water = (5155 — 622) — 4533 r.n.ir. 

Heat loss in dry flue gas =■ 1435 

Heat loss in steam = 374 

Unburnt carbon = 0 

Radiation = 938 

Total = 7280 tui.ir. 


Deductions. 


Heat transmitted per sq. ft. of heating surface per hr. in c.h.tj. — 4533 x 


448 

590 


= 3438. 


Fuel fired per sq. ft. of grate area per hr. 
Evaporation per lb. of fuel as fired 
Equivalent evaporation from and at 100° C. 
Thermal efficiency of boiler 
Heat loss in flue gas 
Radiation 


448 

14-2 

3622 

448 


— 31-6 lb. 


- 8-1 lb. 


4533 

539 


8-4 lb. 


4533 

7280 

1809 

7280 


02-3%. 
24*9 %. 


938 

7280 


12 - 88 %. 


Ex. Boiler trial. (B.So. 1933.) 

In a test of a boiler the following data were obtained: Coal analysis dry: C, 85-2 %; 
H, 4-8 %; ash, 10%. Gross calorific value of dry coal, 8430 c.h.u. per lb.; moisture 
content, 1-8%. Coal consumption, 3250 lb. per hr. Boiler room temperature, 25° 0., 
feed water temperature 55° C., steam pressure 180 lb. per sq. in., temperature 219*5° C., 
steam raised, 28,000 lb. per hr. The analysis of the dry flue gas by volume gave C0 a , 
9-4 %; O a , 1M %; N„ 79-5 %. 
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The temperature of the gases in the uptake was 310° C., mean specific heat of dry 
gas 0*24. 

Make a complete heat balance for the trial per lb. of dry coal, based on the gross 
* calorific value of the fuel. 


Steam. 


Steam temperature 

Saturation temperature at 180 lb. per sq. in. 
Degree of superheat 
Total heat in steam 
Heat in feed 

Heat supplied per lb. of steam 


Water evaporated per lb. of fuel = 


28,000 

"3250 


= 219-5° C. 
= 189*5 
= 30*0° C. 
= 686 c.h.ij. 
= 55 

= 631 c.H.u. 
= 8*62 lb. 


Heat supplied to steam per lb. of fuel = 8*62 x 631 = 5440 c.ii.tj. 


Flue gas. 

a- * ii A 79-5x85-2 

Air actually supplied = ~v>o 

*55 X 17*4 

Minimum air = x 0-852 + 8 x 0-048 

Excess air 

Actual air supplied 

Combustible per lb. of coal 

Total weight of flue gas 

Weight of steam =£= 0-0 1 8 -f 9 x 0-048 

Weight of dry stuff 

Weight of excess air 

Weight of dry products 


= 21-83 lb. 


= 11-55 
= 10 28 
= 21-83 
= 0-90 
= 22-73 
=£= 0*45 
= 22-28 
- 10-28 
= 12-00 


If we regard air and the products as having the same specific heat: 

Heat loss in dry products = 1 2 x 0-24(310 — 25) = 822. 

Heat loss in excess air = 10*28 x 0-24(310 — 25) = 703. 

Heat loss in steam in flue gas 0-45[639 — 25 + 0*48 x 210] = 321. 


Heat balance per lb. of dry fuel 




C.H.U. 

% 

1 

Calorific value of 1 lb. of dry coal 

8430 

100 

2 

Heat transferred to water (thermal efficiency) 

5440 

64-5 

3 

Heat in dry products of combustion 

822 

9-75 

4 

Heat in excess air 

703 

8*34 

5 

Heat in steam associated with products 

321 

3-81 

6 

Heat due to incomplete combustion 

— 

_ 

7 

Heat due to unburnt carbon in ash 

— 

— 

8 | 

Heat unaccounted for 

1144 

13-58 
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1. Locomotive boiler trial. (B.Sc. 1924 .) 

The volumetric analysis of the flue gases of a locomotive boiler was C0 2 , 15 %; 
CO, 2*2 %; 0 2> 1*6 %; N 2 , 81*2 %. The calorific value of the coal was 8250 o.H.u. per lb., 
and the carbon content 85 %. Weight of cinders and ash per lb. of coal fired was 018 lb., 
and these contained 62 % carbon. Determine the percentage of the calorific value of 
the coal which was actually produced as heat in the furnace" 

If the efficiency of heat transmission through the tubes was 75 %, what was the 
evaporation from and at 100° 0. per lb. of coal fired? 

1 lb. of 0 burned to CO gives 2420 o.H.u. 

1 lb. of C burned'to C0 2 gives 8080 c.n.u. 

2. Describe the testing of a boiler plant. 


-•Iris. 82*7%; 9-53 lb. 


3. Water tube boiler trial. (B.Sc. 1937.) 

The following particulars refer to a trial on a coal-fired water tube boiler: Steam 
pressure, 195 lb. per sq. in. Dryness, 0*65. Feed water per hour, 4500 lb. Coal fired per 
hour, 510 lb. Mean feed temperature, 65' J C. Mean boiler house temperature, 24° C. 
Mean flue gas temperature, 390° C. Analysis of dry flue gas by volume: CO a , 8-7 %; 
0 2 , 11*6%; N 2 by difference, 79*7 %. Specific heat of dry flue gas, 0*24. Analysis of 
dried coal: C, 86-1 %; H 2 , 3-68 %; ash, etc., 10-22 %. Moisture in coal as fired, 2 %. 
Make out a complete beat balance sheet for the boiler per lb. of dry coal. 

Ana. Heal balance per lb. of dry coal 


Calorific value of the fuel 

8217 o.H.u. 

Heat to steam 

(5125 

Heat to dry flue gas 

2146 

Heat to wet fluo gas 

204 

Radiation 

- 318 


4. Lancashire boiler trial. (11. Sc. 1936.) 

In a trial of a Lancashire boiler the composition by weight of the coal fired was 

C = 86*1 %, H = 3-8 %, ash = 10-1 %, and the volumetric analysis of the dry flue 
gases gave C0 2 , 10-4 %; 0 2 , 9-3 %; N s , 80-3 %. If the mean temperature of the flue 
gases was 382° C. and the boiler house temperature was 28° C., find the heat carried 
away in the dry flue gas per lb. of fuel burnt. What percentage is this of the gross 
calorific value of the fuel? Take the mean specific heat of the dry flue gases = 0-238. 

Ana. 1740 o.H.u. ; 2-1 % . 

5. Quantity of water not measured. (B.Sc. 1939.) 

The following particulars refer to a boiler trial in which it was not convenient to 

measure the water evaporated: 



Dry coal 
analysis 
by weight 


Dry flue 
gas analysis 
by volume 

c 

84*5 

co 2 

12-5 

h 2 

4-5 

CO 

1-0 

s 

10 

0 2 

55 

0 2 

2*9 

' N a 

81*0 

Ash 

71 

100-0 


1000 
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Measured gross calorific value of dry coal 8250 c.h.u. per lb. Moisture in coal as fired, 
2 % by weight. Flue gas temperature, 310° C. ; boiler room temperature, 20° C. The mean 
volumetric heats of CO a and of diatomic gases for the given temperature range at 9*7 
and 6*93 c.h.u. per lb. per mol. respectively. The calorific value of carbon is 8080 c.h.u. 
per lb.; and of CO, 2420 c.h.u. per lb. 

Assuming a radiation loss of 7 %, draw out a heat balance for the boiler, and determine 
its efficiency. 

Arts. Heat balance per lb . of fuel 


Heat supplied above 0° C. 

Heat leaving above 0° C. 

Calorific voluo of fuel 8250 

Sensible heat in fuel ? 

Sensible heat in air 73 

Sensible heat in feed ? 

8323 

2443 

5880 

In boiler steam generated ? 

In dry product 851 

In excess air 329 

In steam 314 

In incomplete combustion 354 

In combustible in ash radiation 595 

2443 


Approximate thermal efficiency = = 71*3 %. 

8250 


(B.Sc. Part I, 1939.) 

6. In a boiler trial steam at a pressure of 250 lb. per sq. in. and temperature 245° C. is 
generated at a rate of 8-5 lb. per lb. of coal burnt. The calorific value of the coal as fired 
is 8400 c.h.u. per lb., and the temperature of the feed water 50° C. Calculate the equi- 
valent evaporation from and at 100° C. and the thermal efficiency of the boiler. 

Ans. 1014 lb.; 65-2%. 

Producer gas. 

In some parts of the world, particularly in the vicinity of oil fields, large 
quantities of natural gas are available; in general, however, the gas with which 
most people are familiar is produced from the distillation of coal. Distillation, 
however, only releases the volatile part of the fuel, so that the yield of gas is 
small, and therefore the process is of no value to those who require as much gas 
as possible from a solid fuel; accordingly, gas producers have been developed to 
supply the large demands of steel works and gas engines, and now producers are 
being developed to supply gaseous fuel for motor vehicles in the place of petrol. 


Action of a gas producer. 

The action of a gas producer depends upon the depth and temperature of the 
fuel bed. This bed may be divided into four distinct zones (see Fig. 289) through 
which a flow of air and steam is maintained by the suction from the gas engine, 
or by means of a steam blower. 

The lowest zone consists mainly of ash, about 30 in. thick in a large producer 
— a depth which is sufficient to superheat the steam and air, and protect the 
fire-bars from the intense heat of the combustion zone where the carbon is burnt 
directly to CO,. The presence of incandescent carbon above the combustion zone 
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reduces the CO a to CO, and at the same time it liberates the hydrogen from the 
steam, some of which may combine with C to form 
CH 4 or C 2 H 4 . The H 2 , CO, CH 4 and N 2 from the air 
supply pass upward through the green fuel to which 
they give sensible heat. This heat, together with 
heat radiated from the reduction zone, distils the 
fuel in much the same way as it is distilled in the 
production of lighting gas. 

In addition to those major reactions several 
minor reactions take place from what may be re- 
garded as impurities in the fuel, e.g. iron pyrites 
(FeS 2 ), (CaS0 4 ), Cl, P, etc. 



Thermal actions. 

It was shown on p. 532 that chemical actions 
are always identified with the production or ab- 
sorption of heat. In the case of the gas producer 
the heat required to split up the constituents, and 
confer a calorific value to the gas produced, is 
derived from the fuel. 


1 


Hi dui tion Zone. ^ 18 G 0 “F. 
H ? CKC = C0+H2 
C0 Z +C» 2 CO 


4' 

I 

I 


Combustion Zone 
2000°F. 


C+0 


0? - C0 ? 


Asm or Neutral 
Zone 


; | 

-I 


1 


STt am anu Air 


Fig. 289. 



The primary reaction. 

If only oxygen and fuel are supplied to a gas producer, and no C0 2 is formed, 


the reaction is 


2C + 0 2 = 2CO-f 2450x2 x 12 

f l 


(1) 


58,800 O.H.U. 


w II E 


^6 
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for carbon in the form of coke, whereas for graphitic carbon the value becomes 
53,300. 

Alternatively, C0 2 may first be formed according to the equation 


C + O a = C0 2 +12x 8100 (2) 

' I ' 

97,200 O.H.U.* 

In the presence of incandescent carbon this C0 2 is reduced according to the 
equation C0 2 + C = 2 CO + Heat. ( 3 ) 


To obtain the heat evolved consider the decomposition of C0 2 into C and 0 2> 
and the subsequent recombination into CO, thus: 

C0 2 +C = 2 CO + Heat 

By ( 2 ), C0 2 + 97,200 = C + 0 2 

J I 

By ( 1 ), 1 > 2C + 0 2 — 2 CO + 58,800. 

.\ C0 2 4 - 97,200 + C = 2 CO 4- 58,800, 
i.e. C0 2 + C = 2 CO - 38,400 c.h.u. 

In the combustion zone reaction (3) therefore absorbs 38,400 c.h.u., but since 
reaction ( 2 ), in producing C0 2 , evolved 97,200, the net heat released in the 
producer is 58,800 c.h.u. as given directly by equation (1). 

In practice it is found that a heat release of 58,800 c.h.u. per 24 lb. of carbon 
burnt results in an abnormal temperature rise of the producer. This rise may 
cause fusing of the ash, and therefore stoppage of the air flow, and in extreme 
cases, fusing of the refractory lining and fire-bars. 

In order to avoid these troubles, to improve the thermal efficiency, and to 
produce a richer gas, the excess heat is used to generate steam which is mixed with 
the air and passed through the fuel bed, where a secondary reaction occurs 
between the carbon and steam. 

Secondary reactions. 

At temperatures between 500° and 600° C. very little superheated steam is 
decomposed, and only H 2 and C0 2 are produced according to the reaction 


C + 2 H a O = C0 2 + 2 H 2 + Heat. (4) 

The resulting product is known as mixed water gas. 

Above 1000° C. water gas is produced according to the equation 

C + H 2 0 = CO + H 2 + Heat. (5) 


The mixture of gases formed by reactions (4) and (5) also interact according 
to to. tovembfe motion cq + h.O ^ CO, + H„ ( 6 ) 

CO xH O 

and because the action is reversible 7 ^- — is constant. 

C0 2 x H a 

* For graphitic carbon this becomes 94,300; 
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For temperatures between 800° and 1400° C. a sample of producer gas would 
reveal that the ratio has a value lying between 1 and 2*5, the quantities being 
by volume. 

Because the rate of the reversible action falls off with a. reduction in tempera- 
ture the CO formed near the tuyere is only partly converted into C0 2 on its 
passage through the carbon. Were it not for this the producer would not operate. 

Small quantities of CH 4 are also present in producer gas and may be derived 
from the volatile constituents of the fuel, or through the reaction indicated by 

the equation 3 C + 2H a O «= CH 4 + 2CO + Heat. (7) 


Heat quantities involved in the secondary reactions. 

In suction gas producers, fuel and water arc supplied for gasification, and 
therefore the fuel must supply sufficient heat to decompose the water. Now by 
the conservation of energy this heat of decomposition must equal the heat of 
combination when hydrogen is burnt to form water, thus: 

2H 2 + 0 2 = 2H a O + 4x 34,500 (8) 


138,000 c.ir.cr. 

The higher calorific value is used, because we assume that the products are 
condensed, whilst in the reversed operation, performed in the producer, water 
is supplied and not steam. If steam is supplied, the heat quantity is 1 15,000 C.H.U. 

Applying the results of equations (2) and (8) in order to obtain the heat 
absorbed by reaction (4), we have 

By (8), C + 2H 2 0 = C0 2 + 2H a + Heat 

2H 2 U+ 138,000 = 2H 2 + 0 2 

By (2), C + 0,+ 2H 2 = C0 2 + 97,200 + 2H a 


Hence an addition of 138,000 o.h.u. to the constituents C + 2H a O will produce 
CO a + 97,200 + 2H a . 

So the net heat involved is 

C+ 2H a O + 138,000 = C0 2 +2H 2 + 97,200, 

i. e . C + 2HgO = COg + 2H g — 40,800. (9) 

Alternative solution. 


But 

and 


C + 2H a O = C0 2 + 2H a + Heat. 
2H a O = 2H 2 + 0 2 - 138,000, 
C + O a = CO a + 97 ,200. 


36*2 
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Adding these equations together gives 

C + 0 2 + 2H 2 0 = 2H 2 + 0 2 + C0 2 - 40,800, 

C + 2H 2 0 = C0 2 + 2H 2 - 40,800. 

Hence this reaction absorbs 40,800 c.h.tj. per 361b. of water converted into H 2 . 
By equation (5), 

2C + 2IJ 2 0 = 2CO + 2H 2 + Heat 

l 

i i 

By (8), 2H a O + 138,000 = 2H 2 + 0 2 

! 

By (1), 20 + 0 2 + 2H a = 2CO + 2H 2 + 68,800. 

2C + 2H 2 0 + 138,000 = 2C0 + 2H 2 + 68,800, 

i.e. C + H 2 0 = GO + H 2 -39,600 o.h.u. (10) 

So that reaction (5) absorbs 39,600 o.h.tt. per 18 lb. of water converted. 

To obtain the heat absorbed by reaction (7) we must first obtain the heat of 
formation of the CH 4 , thus: 

CH 4 may be formed according to the reaction C + 2H a = CH 4 + Heat. We also 
know that the calorific value of CH 4 per lb. is 13,300 o.h.tj, 

CH 4 + 20 2 = C0 2 + 2H 2 0 + 16 x 13,300 

I ! 

I 

213,000 

I I 

By (2), C + O a = C0 2 + 97,200 

I i 

By (8), 2H 2 + 0 2 = 2H a O + 138,000 

CH 4 +20 2 = C + O a - 97,200 + 2H 2 + 0 2 - 138,000 + 213,000, 
i.e. CH 4 = C + 2H 2 - 22,200. (11) 

By (7), 3C + 2H g O = GH 4 + 2CO + Heat 

! 

By (8), 2H 2 0 + 138,000 = 2H 2 + 0 2 

But by (1) and (11), 

3C + 2H a + 0 2 - 138,000 = CH 4 + 2CO + Heat. 

C + 2H 2 + 2C + O a = CH 4 + 22,200 + 2CO + 68,800. 

30 + 2H 2 0 + 138,000 = CH 4 + 200 + 81,000, 

3C + 2HgO = CH 4 + 2CO - 57,000. 


whence 


( 12 ) 



Combustion 


565 


Alternative solution. 

C0 2 + 2H a O = 0H 4 + 20 2 - 21 3,000 
CO a + C = 2CO - 38,400 

2C + 20 2 = 2C0 2 +194,400 

Adding 3C + 2CO a + 20 a + 2H a O = ( 'H~+20 2 + 2C0 + 2CO a - 57 ,000, 
i.e. 30 + 2H a O * CH 4 + 2CO - 57,000. 


The weight of water required per pound of carbon when water gas is 
produced. 

If we assume that radiation is fcuppressed, the producer is at its operating 
temperature, and that the gas produced, in raising the steam, is reduced to n.t.p. 
condition, a thermal balance must exist between the equations 


2C + 0, = 2CO + 58,800 (13) 

and C + H a O= CO + H a - 39,(500. (14) 


To effect this balance equation (14) must be multiplied through by 


i.e. 


58,800 

39~600 


1-483, 


l-483[C + H a O] = l-483[CO + H 2 l- 58,800. 


(15) 


On adding (15) to (13), the total C is 12(2+1-483) and the water supplied is 

1*483 x 18. i , 4 co v 1 K 

/. Water per lb. of C = 3 . 48 3 " x ~ 12 = °‘ 639 lb - 


In average practice, for every 5 lb. of carbon consumed, 4 lb. are burned by air 
and 1 lb. is burned by steam. The steam has to be carried into the producer by 
the air, which can take up moisture in definite quantities according to the tem- 
perature of the air.* Tor the proportions given the air temperature would have to 
be 80° C. The actual steam supply depends on the type of producer and the fuel 
and upon whether or not a steam blower is used to force the air through the fuel 
bed. 


The weight of water required per pound of carbon when mixed water 
gas is produced. 

If ammonia is to be recovered from the gas a much larger proportion of water 
must be supplied, and the CO a coritent of the gas will be great, because of the low 


temperature of the producer. The reactions will be 

2C + O a = 2CO + 58,800, (16) 

C + 2H a O = C0 2 + 2H a — 40, 800. (17) 

* See p. 202. 
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For thermal equilibrium between (16) and (17) equation (17) must be multi- 
68 800 

plied by = 1-44, and on adding this new equation to (16) we have the total 

aV/j OvU 

C = 12(2 + 1-44) and the total weight of water is 36 x 1-44. 

/. Water per lb. of C = = 1*256 lb. 

12x3-44 

The advantage of using a large quantity of steam is that the gas mains may be 
smaller, an important consideration in steel works, and the clinker is kept soft 
and porous. The disadvantages are high initial cost of the producer plant, the 
difficulty of removing excess steam from the gas, and the high C0 2 and H 2 content. 


Ex. Gas producer. (Junior Whitworth 1938.) 

When C0 2 passes over red-hot carbon the dioxide is reduced to CO. How much heat 
is lost per lb. of C0 2 in this reaction? 

The calorific value per lb. at constant pressure of carbon burning to C0 2 is 8100 c.H.tr. 
and burning to CO it is 2416 c.h.u., and CO burning to C0 2 it is 2436 c.H.tr. Show that 
the heat lost may later be gained when the CO burns to C0 2 in another part of the 

fumace * C+0 2 = C0 2 +8100x12. (1) 

2C+0 2 = 2C0 + 2416 x 24. (2) 

2C0 + 0 2 = 2C0 2 + 2436 x 66. (3) 

Reaction required: C0s + C = 2C 0 + Hcat. (4) 

Substituting for C0 2 from (1) in (4), 

C+0 2 — 8100x 12 + C = 2CO + Heat, 

i.e. 2C+0 2 — 8100x12 = 2CO + Heat. (6) 

By (2) in (6) 2CO+2416 x 24-8100 x 12 = 2C0 + Heat. 

.'. Heat = 12(2416x2-8100] = 12[-3268]. 

12 

/. Heat per lb. of C0 2 = ^ x 3268 = 892 c.H.tr. 


When CO burns to C0 2 reaction (3) is followed: 



2CO +0 2 = 2C0 2 + 2436x66. 

By (4), 

do 2 +C— Heat 


CO a + C + 0 2 - Heat = 2CO* + 2436 x 66, 

By (1). 

CO s + 8100 x 12 - Heat = C0 2 + 2436 x 66, 


12[8100 — ( — 3268)] = 2436x66. 


This is satisfied, hence the heat is returned. 
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Ex. Gas producer. (B.Sc. 1933.) 

In a suction gas producer, determine the weight of steam which must be admitted 
with the air per lb. of carbon burned in the producer for maximum thermal efficiency. 
Assume water supplied at 1 8° C. and evaporated into steam at 100° C. and the secondary 

reaction in the producer is H 2 0 + C==H 2 + CO. 

c.v. of C to CO = 2450 c.h.u. per lb. 
o.v. of H = 29,050 c.H.tJ. per lb. 

Reaction (1), H s 0 + C = H 2 + CO+Heat. (1) 

2H 2 +O a = 2H 2 0 +4 x 29,050. (2) 

2C + 0 2 = 2CO + 24 x 2450. (3) 

Reversing equation (2), nrr _ _ ^ 

6 ' 2H a O + 4 x 29,050 = 2H 2 + 0 2 . (4) 

Adding (3) and (4), 

2C+0 2 +2H 2 0 +4x29,050 = 2CO+24x2450+2H 2 +O 2 . 

.'. 2C + 2H 2 0 = 2CO + 2II 2 + 24 x 2450 - 4 x 29,050. 

.*. H 2 0 + C = H 2 + C0 — 28,750, (5) 

i.e. heat required per lb. of carbon burnt 

= = 2395 c.h.tj. 

Heat to evaporate water 

= (100 — 18) + 539*3 = 621*3 c.h.u. 

The primary reaction is 2C + 0 2 = 2CO + 24 x 2450 = 58,800. 

Secondary reaction is given by equation (5) and absorbs 28,750 c.h.u. per 18 lb. of 
steam, which requires 18 x 621 *3 = 11,180 c.h.u. to generate it from water. 

Total heat required = 39,930 c.h.u. 

The primary action releases 58,800 c.h.u. 

58 800 

Steam to absorb this heat = 39 930 x *8 = 26*52. 


Total carbon consumed = 


x 26-52 + 24 = 41-68. 

18 


26*59 

Water per lb. of C = = 0-63 lb. 


Ex. Efficiency of a gas producer, the composition of the gas produced and its 
calorific value. 

Find the TnaTrirmim efficiency of a suction gas producer, the composition of the gas 
produced, and its calorific value per cu. ft., assuming that the fuel is carbon and that 
only dry air is supplied. Given that 1 lb. of H a occupies 178-8 cu. ft., that the calorific 
value of CO is 342*4 b.t.tt. per cu. ft., and that the calorific value of 1 lb. of carbon is 
14,540 B.T.TT. 
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What is the effect of admitting steam in addition to air (a) on the working, (6) on the 
efficiency of the producer? 

With air and carbon the reaction is 

7Q 70 

2C4-0 2 4-^N 2 = 2C0+^N 2 . 

One mol of H 2 displaces 2 x 178*8 = 357*6 cu. ft. at n.t.p. 

c.v. of CO per mol == 357*6 x 342*4 b.t.u. 

One mol of gas is produced from 12 lb. of carbon, the c.v. of which is 14,540 b.t.u. 

Hence the efficiency of the producer = ^2 >T l 4 ~^4^ ~ ^ ^ %* 

The composition of the gas by volume is 

CO 2 34*7 % 

70 

N 2 g 65*3 

Total = 5*76 f00~*0~% 

The calorific value of the producer gas per cu. ft. 

= 0*347 x 342*4 = 118*8 b.t.ij. per cu. ft. 

The effect of adding steam is to reduce the nitrogen content of the gas, to improve 
its calorific value, and, apart from radiation losses, and the sensible heat in the gas, 
the efficiency of the producer may theoretically be raised to 100 %. The working of 
the producer is also improved, since steam causes the clinker to become soft and 
porous. 


To obtain the N.T.P. volume of producer gas per pound of fuel, given the 
analysis of the fuel and that of the gas. 

Let the gravimetric analysis of the fuel be 

C + H + 0 + N + S + H 2 0 + Ash = 100%. 

Let the volumetric analysis of the producer gas be 

C0 2 + 0 2 + C0 + H 2 4-C 2 H 4 +CH 4 + N 2 = 100%. 

In one mol of the constituents 00 2 , CO and CH 4 there are 12 lb. of C, but in 
C 2 H 4 there are 24 lb., hence the carbon per mol of gas 

= 41 < C °2 + 00 + CH 4 + 2C a H 4 ). ( 1 ) 


Let C b be the percentage carbon actually burnt per lb. of fuel, i.e. 

C b / ioo = C — Carbon lost in ash — Carbon lost in soot and tar. 
Then mols of gas formed per lb. of fuel 

q » 


12 (C0 2 + CO + CH 4 + 2C a H 4 ) * 
The volume of this gas referred to n.t.p. condition 

C h x 358 

12(CO a + CO + CH 4 + 2C a H 4 ) CU> 


( 2 ) 


( 3 ) 
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Ex. If the analysis of a fuel used in a gas producer was C = 73 %, 0 2 = 5-5, H 2 = 5 %, 
^2 ~ S = 1 %, H 2 0 = 4 %, ash = 10-3 %, and the analysis of the gas produced 
was C0 2 =7-5 %, 0 2 = 0 %, CO = 20-5 %, H 2 = 12-5 %, C 2 H 4 = 0-5 %, CH 4 = 3-2 %, 
N a — 58%, find the volume of gas produced per lb. of fuel if 5% of the carbon is 
unconsumed. 


\t | 0-95x73x358 , „ „ 

12 (7-6 + 20-5 + 3-2 + 2 xO-5) “ 642 cu ‘ ft- 


To obtain the volume of air required per pound of fuel. 

Per mol of gas produced, the mass of N 2 is y^ 2 lb. 

By equation (2), p. 568, the mols of gas produced per lb. of fuel are 


C h 


1 2 (C0 2 + CO + CH 4 + 2C 2 H 4 ) ‘ 

One pound of N 2 is associated with lb. of air. 

A- it. rr i 28N a x C b 

. . Air per lb. of fuel = 2 6 


rib. 


77x12 (C0 2 + CO + CH 4 + 2C 2 H 4 ) 

Since the equivalent molecular weight of air is approximately 29, thon the 
volume of air, at n.t.p. per lb. of fuel, 


28N, 


2 r 


358C,, 


2C 2 H 4 )_ * 


29 x 77 [_1 2 (C0 2 + CO + CH 4 + i 
Applying this result to the previous example, the volume of air 


28x58 
29 x 77 


x 64-2 = 46-6 cu. ft. 


To obtain the weight of steam decomposed per pound of fuel. 

Per mol of gas produced there are 

2H 2 + 4C 2 H 4 + 4CH 4 £ jj 
ioo ‘ 2 ‘ 

By equation (2), p. 568, the mass of H 2 per lb. of fuel 

(2H 2 + 4C 2 H 4 + 4CH 4 ) 4 

100 x 12(C0 2 + CO + CH 4 + 2C 2 H 4 ) 

But each lb. of fuel contains |^H 2 — lb. of free H 2 . 

H 2 from the decomposed steam 

1 r (2H 2 + 4 C 2 H 4 + 4 CH 4 ) 4 _ / H _ 0_ 2 \1 
= loo [_12 (CO a + CO + CH 4 + 2C 2 H 4 ) \ 2 8/J- 
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Steam per lb. of fuel 

(2H 2 + 4C 2 H 4 + 4CH 4 ) C b 


= 009 


_1 


.12 (C0 2 + CO + CH 4 + 2C 2 H 4 ) 
Applying this result to the previous example, 

"(2 x 12-5 + 4 x 0-5 + 4 x 3-2) x 0-95 x 73 
T277-5 + 20-5 + 3-2 + 2 x 0-5) 


0-09 






- ( 5 - t)] = 02551b - 


Types of gas producers. 

There are three main types of gas producers, although there are innumerable 
varieties on the market which differ only in detail. The main types are 

(1) The suction producer. 

(2) The pressure producer. 

(3) The contra-flow type. 

( 1 ) The suction producer.* In this producer, which is illustrated in Fig. 291 , 
the suction of the engine creates a flow of steam and air through the fuel bed. 



Fig. 291. 


The producer consists of a cylindrical shellt of mild steel or cast iron that is 
lined throughout with fire-brick. An annular space is frequently left between the 

* Due to Bennier developed in France 1894. 

t A cylindrical shape is best because it is stronger, is free to expand, and there are no 
comers in which fuel or clinker can lodge. 
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fire-brick and the casing for the passage of steam and air which is thereby pre- 
heated, and the loss from radiation is reduced in consequence. 

On the top of the generator is a hopper having a double closure device; so 
that fresh fuel may be supplied without interfering with the operation of the 
producer. A conical bell makes a gas-tight seal between the hopper and the 
generator, and in addition this bell distributes the fuel evenly and may be used 
for ramming it into the generator. 

To avoid an unnecessary increase in suction resistance on the engine the hopper 
is made to project into the generator, and is often surrounded by an annular ring 
which forms the steam boiler. 

At the base of the generator are : a valve for controlling the supply of steam and 
air, a fire-grate, a hand hole for the removal of ash and a water-cooled ash pan. 

A blower is provided for starting the gas producer, and, during the starting 
period, the products of combustion are blown to waste through the starting cock. 

As a protection for the engine, the producer gas is passed through a scrubber 
which removes tar, dust, and ammonia. 

In its simplest form the scrubber consists of a tall cylinder filled with coke 
through which percolates a stream of water. Where space considerations are 
important rotary scrubbers are employed. 

In this type of scrubber the gas is passed through a fan into which is injected 
a fine spray of water. 

(2) The pressure producer. The typo of gas producer most generally used 
in steel works for firing reverberatory furnaces is the improved Siemens type, a 
sketch of which is shown in Fig. 292. 



The generator and hopper are similar to those employed on the suction gas 
producers, but as a rule they are considerably larger and the fire-grate is dispensed 
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with to allow the removal of ash from the water bosh, or ash pan, without inter- 
rupting the operation of the plant. 

Since the air is forced into the producer by the steam jet, which is under con- 
siderable pressure, the annular boiler and blower of the suction producer are 
absent. On the top of the producer four or six poking holes are provided to give 
access to the whole hearth, and particularly the sides of the producer where 
’ clinker is liable to adhere. 

Sight holes communicate with the combustion zone so that the man on watch 
may keep this zone under observation. Cleaning doors are also provided at about 
this level for the removal of large masses of clinker, and for starting the producer. 

No scubber is provided, since, to produce a high furnace temperature it is 
essential that the gases enter the furnace at a high temperature, and because of 
the necessity of a luminous flame to produce a maximum radiation, the distil- 
lates are carried in suspension by the gas. 

(3 ) Producer for volatile fuels . Soft woods and lignite yield great quantities 
of distillates which would be lost in the scrubber if the gas were employed for a 
gas engine. To avoid this, it is customary to blow the distillates down to the com- 
bustion zone, where the tar is burnt to increase the release of H 2 from the steam 
which , following normal practice, is forced upward through the partially burnt fuel. 

Since the gas outlet from the producer is immediately above the combustion 
zone the gases leave at a considerable temperature, and, with the object of con- 
serving the heat in the gas, a water tube boiler is placed on the gas outlet. 

(4 ) The Crossley gas producer for bituminous fuel . The name bituminous 
refers to fuels which burn with a yellow flame resembling that of bitumen. It 
is to the large proportion of volatiles in this fuel that the colour is due, and 
although this flame is an asset in boiler work, yet volatiles cause trouble in some 
producers through the deposition of tarry matter on the cool surfaces with which 
they come into contact. 

Messrs Crossleys obviate this difficulty by placing the steam boiler near the 
combustion zone and providing a water spray in the vertical pipe (1), whereby 
heavy deposits of tar and dust are washed into a sump. 

The gas then passes up through a layer of wooden laths through which descends 
a shower of water from the coke above. 

Tar vapour* is remarkably difficult to remove completely from a gas, and 
possibly the only method is by means of the Lodge- Cottrel process. 

The centrifuge, used by Crossleys for this purpose, it is claimed, will reduce 
the tar content to trouble free proportions, and is a much simpler and cheaper 
device than the Lodge-Cottrel separator. 

To render the operation of the producer continuous the grate is dispensed with, 
and the ashes are allowed to accumulate on a water sump which forms a gas seal. 
The ashes are removed from this water lute at the convenience of the man in 
charge. 

* Generally speaking the down-draught producer is the best solution for the tar problem, 
but much still remains to be done. Apart from tar removal its association with water makes 
it unsaleable and this raises the problem of its disposal. 
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Fuel. 

Gas producers can be designed to convert any kind of carbonaceous material 
into gas, but if high quality gas and economical production are required, a good 
quality fuel must be burnt. 

For gas engines, because of its high carbon content, absence of caking, andsmall 
percentage of ash, and moisture content, anthracite is preferable to all other 
fuels. 

For open-hearth steel furnaces a high-grade bituminous coal yields a highly 
luminous gas that intensifies radiation from the roof of the furnace. 

The general requirements of a good fuel are: uniformity of size, freedom from 
caking, ash less than 5 % and having a high melting point, sulphur less than 1 %, 
fixed carbon about 50 %, and volatiles about 30 %. 

Working the producer. 

The main factors to be observed in operating a producer are temperature, the 
supply and distribution of the fuel, and the breaking up and removal of the 
clinker and ash. 

An estimation of the temperature may be obtained by inserting a poker through 
the top .of the producer, allowing it to become thoroughly heated, and then 
observing the colouring on it when it is rapidly withdrawn. White lights in the 
producer indicate too high a temperature. This may be corrected by increasing* 
the steam supply. Saturated air at 50° C produces the richest gas. The forma- 
tion of clinker is the worst feature in working a producer, but it may be reduced 
by supplying steam in correct amount, and properly distributed. 

As in the case of boilers dry fuel should be supplied regularly in small amounts, 
and the surface of the fuel should be kept level so that the resistance of the fuel 
bed to air flow is uniform throughout; otherwise the fire will be blown into holes. 
If this happens the ash may melt and choke the adjacent air passages, and 
thereby aggravate the trouble; also the C0 2 content of the gas will bo increased, 
and the temperature of the gas may rise to such an extent that the hydrocarbons 
decompose and cause a deposit of soot in the gas pipes. 

The best results are obtained from a producer when the C0 8 content is about 
4 % and the temperatures approach those indicated in Fig. 289. 

Proportions of a gas producer. 

The chief factor controlling the output of a gas producer is the grate area, on 
one square foot of which 20 lb. of high grade fuel may be burnt per hour. 

The combined depth of the combustion and reduction zone depends on the 
size of the fuel used, and varies from 30 in., for 1 in. anthracite, to 60 in. for run 
of mine 4 in. bituminous coal. 

The distributing bell should be part of a 90° cone having a base one-sixth the 
diameter of the grate, whilst the gas pipe should have an area of -fg that of the 
grate and the poker holes should be about 2 in. bore. As a protection for the grate. 
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and to provide sufficient depth for superheating the steam, the ash zone should 
be from 2 to 3 ft. thick. 

In the case of pressure producers the type with the central tuyere gives the 
best results and it should be provided with a steam nozzle that will pass £ lb. of 
steam per lb. of fuel burnt and carry with it 3 to 4 lb. of air. 

Direct gasification of coal. 

A one inch cube of coal has a surface area of 6 sq. in., and weighs f oz. When 
pulverised so as to pass through a 200 mesh sieve it may be regarded as split into 
64,000,000 cubes with a total surface area of 2400 sq. in., and each particle of 
fuel weighs 0-000000012 oz. In this state the fuel will flow like a fluid and costs 
but 0-59 pence per gallon. 



The great increase in surface area and reduction in bulk enables the fuel to be 
gasified in a very short time, provided it is exposed to a highly heated atmosphere 
containing oxygen. In coal dust engines the fuel is injected directly into the 
cylinder as with Diesel engines. Alternatively, it may be passed through a gas 
generator, similar to the one shown in Fig. 294, and emerge as a gas, which, after 
filtering, can be used in an engine. 
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The generator is maintained at a high temperature by gas which is burnt, by 
surface combustion, within the porous bricks; the high temperature products and 
excess air pass downward through the refractory tube, where the pulverised fuel 
is gasified. 

A tube 3 in. bore and 15 in. long is sufficient to supply a hundred ii.p. engine, 
but the refractory tubes are liable to crack, and an exact balance between the 
fuel and air supply is difficult to achieve. 


EXAMPLES OX CAS PRODUCERS 

1 • What type of casing would you use in a producer to burn coke, and supply a 50 h.p. 
engine ? Would you make any modification to the fire door for this fuel ? 

2. * For what type of fuel is the pressure producer especially suited, and why is it not 
generally employed for power production? 

3. What is the object of a scrubber in a gas plant, and what type should be employed 
where water is scarce and the gas output large? Give reasons. 

4. What is the object of supplying steam to a gas producer? Give the reactions that 
occur, and state on what the predominance of one or the other reaction depends. 

5 . Enumerate the types of steam boilers used in suction producers. Which do you 
consider the best, and how is the rate of evaporation varied? 

6. How is a suction gas plant rated, and what factors determine the dimensions of the 
generator for a given h.p. ? 

7 . What is the guiding principle in operating a gas producer? How docs this principle 
account for a gas producer’s upper and lower limit of output? 

8. In the operation of a gas producer, what is the purpose of the steam, and how is it 
introduced in the common types of suction gas producers? 

(OLE. 1936.) 

9 . Describe, with sketches, the construction, and explain the principles underlying 
the construction, of any gas producer with which you are familiar, btate approximately 
the calorific value of the gas produced. 

(B.Sc. 1936.) 

10 . The fuel used in a gas producer had the following composition by weight when dry : 
C, 76%; 0 2 , 5-9%; H, 54%; ash, 12*7%, and the volumetric analysis of the dry 
producer gas gave C0 2 , 7*4 %; 0 2 , 0*3 %; CO, 20*6 %; H 2 , 12*4 %; CH4, 3*1 %; N 2 (by 
difference), 56*2 %. Assume that the cinders contained no unburned carbon. Find 

(a) The cubic feet of dry producer gas per lb. of dry fuel. 

(b) The cubic feet of air supplied per lb. of dry fuel. 

Both values to be reduced to 15° C. and 14*7 lb. per sq. in. 

Am. (a) 77 cu. ft.; (6) 54*85 cu. ft. 
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(B.Sc.) 

11 . Calculate the weight of air and steam which should be supplied per lb. of carbon 
in a suction gas plant, assuming that no C0 2 is formed, and find the theoretical volumetric 
analysis of the gas produced. One pound of H 2 burnt to H 2 0 gives 34,000 o.h.u. and one 
pound of C to CO gives 2420 c.h.tt. 

Ana. 3-3 lb. ; 0-64 ; CO, 39-6 %; H 2 , 16-9%; N 2 , 43-4%. 


(B.Sc. 1940.) 

12 . In a gas engine producer plant the volumetric analysis of the producer gas and 
of the exhaust gas were as follows: 

CO H 2 ch 4 C 2 H 4 C0 2 0 2 n 2 

Producer gas % 20-5 12-5 3-0 0-5 7-5 0-2 55-8 

Exhaust gas % — — — ■ — 10-7 8-3 81*0 

Find (a) the chemically correct volumetric air fuel ratio for the producer gas; 

(b) the percentage excess air supplied to the gas engine. 

What do you understand by the term “cold efficiency of a gas producer”? 

Ans. 1-132 to 1; 107-3%. 


Cold efficiency = 


Calorific valuo of the gas produced per lb. of 

fuel if the gas is at n.t.p. 
Calorific value of the fuel 


By considering the gas cold, the sensible heat which it possesses on leaving the 
producer is excluded, otherwise the efficiency would be almost 100 %. 
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CHAPTER XVH 


INTERNAL COMBUSTION ENGINES 
(1) THE GAS ENGINE 

Historical. 

The idea of an explosive engine was first advanced in 1680 by Huygens, who 
experimented with a gunpowder engine. The gunpowder was used to expel air 
from a cylinder, so as to derive mechanical energy from the partial vacuum 
created when the products ol combustion contracted on cooling. 

In 1794 Street patented an engine which ran on a mixture of turpentine and 
air. Ihe engine resembled beam engines ol that time, and after evaporation of 
the turpentine a flame was applied to a touch hole so as to ignite the explosive 
mixture and drive the piston upwards. 

The discovery of coal gas and hydrogen caused inventors to recognise the 
possibility of using a mixture of gas and air for the development of mechanical 
power, and between 1794 and 1838 Lebon, Cecil, Brown, Wright and Barnett 
were each responsible for engines with certain characteristics. 

To Barnett is due the discovery of the flame igniter, whereby the touch bole 
was controlled by a valve so as to permit compression of the explosive mixture. 

During the next twenty years many engines were patented, but it was not 
until 1860 that a really practicable engine was developed by Lenoir. By this 
time the steam engine had been firmly established, so that it was natural that 
the Lenoir engine should closely resemble a steam engine of that time. 

A model of the Lenoir engine is on view in the Science Museum, South Ken- 
sington. The watercooled cylinder is in. bore by 8 A- in. stroke, and it is double 
acting with an external crosshead. Gas and air were admitted to each end of the 
cylinder by eccentric operated slide valves, which made the engine remarkably 
silent, a feature which did much to make it popular. In operation gas and air 
were admitted to half stroke when the valve closed, and the charge was ignited 
by an electric spark provided by a coil. The pressure rose rapidly to about 
50 lb. per sq. in., after which expansion continued to the end ol the stroke, 
when the burnt gases were released. The engine consumed 95 cu. ft. of gas per 
I.H.P. hour, and on this basis its thermal efficiency was 6 %. Large quantities 
of cylinder lubricant were used by the engine. 

The Hugon engine was similar to the Lenoir, but of better mechanical con- 
struction, and ignition was effected by a gas flame. 

In 1867 Otto and Langlen exhibited their famous free piston engine at the 
Paris exhibition. The engine consisted of a vertical cylinder open at the top, 
and contained a heavy piston which was coupled, by means of a chain, to a rachet 
wheel. The explosion of a charge beneath the piston drove it rapidly upward, so 
that a partial vacuum was formed in the cylinder. This vacuum, combined with 
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the weight of the piston, did mechanical work on the downstroke of the piston. 
A gas consumption of half that of the Lenoir engine was realised, but, as will be 
appreciated, the engine was very noisy and was later replaced by the silent 
type of Otto engine, which, with its trunk piston, resembled a single-acting 
steam engine. This was the first practical application of the four-stroke cycle, 
and is in general use, even at the present time. 

The Otto four -stroke gas engine. 

This engine operates on the ideal air cycle described on p. 73, although heat 
is supplied by chemical action within the cylinder instead of from an external 
source. The practical realisation of this cycle is shown in Fig. 295. 

On the charging stroke, with both air and gas valves open, the outward motion 
of the piston induces a charge of air and gas into the cylinder. Just prior to the 
return of the piston all the valves are closed, and the charge is compressed. 

At the end of the stroke the compressed charge is ignited, so that a rapid rise in 
pressure results, and the piston is driven forward to the end of the expansion stroke, 
when the exhaust valve opens. On the return stroke the products of combustion 
are expelled, and afterwards the cycle is repeated. Up to about 100 horse-power' 
per cylinder the four-stroke cycle is the favourite with gas-engine designers.* 
For higher powers, especially where a supply of waste gas, of low calorific value, 
is available, the double-acting two-stroke engine had been developed, and it 
resembles very closely the uniflow steam engine (see p. 239). 

With gas of high calorific value a serious difficulty arises from the cooling of 
the piston and its rod, and maintaining gas tightness of the stuffing box. In these 
circumstances, therefore, the multicylinder four-stroke has been preferred to the 
double-acting two-stroke, in spite of the extreme mechanical simplicity of th* 
two-stroke. 

Korting Brothers of Hanover have made a large number of successful double- 
acting two-stroke engines for using blast-furnace gas, and with the development 
of the double-acting two-stroke Diesel engine, for marine propulsion, it appears 
that symmetrical design of castings, suitable materials, and oil cooling of the 
piston and rod have been responsible for removing the major difficulties common 
to double-acting internal combustion engines. 

Comparison between two- and four-stroke engines. 

Four-stroke. The cylinder can be completely exhausted of the products of 
combustion. 

More time is available for the removal of heat. 

Economical on lubricating oil. 

* Nearly all the early engines were two-stroke engines, but Sir Dugald Clerk was the first 
man to develop, in 1880, a practical two-stroke engine using compression, and the modem 
two-stroke engine differs very little from Clerk’s. 
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Two-stroke. Simple mechanical design. 

Improved turning moment and lighter flywheel. 

No valves to give trouble. 

Easily reversed. 


Charging Stroke 




Fig. 295. 


A certain amount of fuel escapes through the exhaust port prior to compression. 
Although there are twice as many working strokes compared with the four- 
stroke, yet the power developed from an engine of equal capacity is little more 
than that developed by the four-stroke. 
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On heavy loads the engine overheats, and on light loads running is erratic, 
due to contamination of the weak charge with residual exhaust products. 

The exhaust is noisy, and the engine is more temperamental than a four-stroke. 

Ignition. 

It has already been stated that the first engines had electric ignition; later a 
flame was passed over a “ touch hole” in the cylinder wall, and the charge was 
ignited in the same way as the powder in a cannon. 

Next we have hot tube ignition, which was important, since it laid the founda- 
tion for semi -Diesel engines. 

Products of 
Combustion 
from Burner 

Porcelain 
Ignition Tube 

Adjustable 
Burner Tube 

Products of 
Combustion from 
Previous Explosion 


Fig. 296. 

In the tube method of ignition a porcelain tube is heated to redness, at about 
the middle of its length, by a bunsen burner, the flame of which is shielded by a 
tube. Normally the porcelain tube is full of burnt gas, but on compression the 
explosive mixture forces this gas towards the closed end of the tube. Immediately 
the explosive mixture makes contact with the red-hot portion of the tube it is 
ignited, and a flame shoots into the cylinder, thereby igniting the remainder of 
the charge. 

The period at which ignition occurs is adjusted by moving the burner along 
the tube. 

For constant load the method has proved very reliable, but it is difficult to 
adjust precisely the time of firing the charge, and the tubes frequently fracture 
on starting the engine. 

Thermally the method is as efficient as a magneto, but obviously it cannot 
be applied to an engine unless the gas supply to the burner is under pressure. 

There are a variety of forms of electric ignition, but the one in most general 
use on gas engines is the Low-tension magneto.* This machine is virtually a 
* R. Bosch of Stuttgart developed the low-tension magneto in 1897. 
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small alternator, but instead of the armature being revolved continuously it is 
flicked by a spring release gear at the instant a spark is required. The current 
generated is conveyed to a small switch inside the engine cylinder (see Fig. 297), 
which is opened by the same mechanism that releases the spring-loaded armature 
of the magneto. 

Although a considerable voltage is required to bridge an air gap, particularly 
when the air is under pressure, yet once a flow of current is established the voltage 
may be considerably reduced. In this mechanism the flow of current is established 
by keeping the switch closed during the initiation of the current. Once the 
flow is started the opening of the switch causes a spark so that a cheap easily 
insulated system of ignition results. 



The magneto trip gear of course imposes a definite limit on the speed of the 
engine, and when starting a cold engine condensation sometimes occurs on the 
switch, and causes a short circuit. This can be avoided by the simple expedient 
of heating the switch, prior to starting the engine. It should be observed that, 
since the magneto generates an alternating current, it should be so timed that 
the highest e.m.f. occurs when the contact points of the ignition switch are 
separa ting . T his position is indicated by a mark on the end of the armature shaft. 
Further, since the e.m.f. is small, good electrical connections are imperative, and 
particular attention should be paid to the earth return through the base of the 
magneto. 

Governing of a constant speed gas engine. 

Since, on the four-stroke cycle, there is but one power stroke in two revolutions, 
a heavy flywheel is necessary on single-cylinder engines to maintain the speed, 
on constant load, reasonably constant. 
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When the load varies the gas supply to the engine must be varied in order that 
the power developed by the engine may keep in step with the load. This is known 
as governing the engine. 

There are two main methods of governing a gas engine. The Quality method 
in which the ratio of air to gas is varied, and the Quantity method in which 
the ratio is maintained constant per working stroke but the quantity supplied, per 
unit time, depends upon the power required. 

The simplicity of the governor required by the latter method commends it 
for use on small engines where a hit-and-miss governor is employed. 



A simple form of this governor is shown in Fig. 298, where the end of the valve 
rocker, instead of actuating the gas valve directly, does it through the medium 
of a spring-loaded inertia weight which is pivoted to the end of the rocker. On 
an increase in speed the inertia weight lags behind the rocker against the 
resistance of spring A, and thereby disengages the pecker from the valve spindle. 
On this account the gas valve remains closed, and in consequence a working 
cycle is missed. 

With large engines, to miss a complete cycle would be rather drastic, and 
would cause considerable fluctuations in speed. On this account the pecker 
block is arranged to alter the lift of the combined gas and air valve by varying the 
leverage of the actuating links. 

For an abnormal increase in speed, the fuel supply is cut off entirely, by the 
pecker moving off the face of the operating lever; see Fig. 299. 

In the Crossley gas engine governing is effected, as in the previous case, by 
varying the lift of the combined gas and air valve, this variation being produced # 




Internal Combustion Engines 583 

by altering the position of the fulcrum on the valve rocker by means of an enclosed 
centrifugal governor (see Fig. 300) . J enclosed 

The gear results in graduated impulses being given to the engine, so that speed 

control is within very narrow limits. ’ pwu 




Fig. 300. 


Fig. 301 compares the indicator diagrams obtained from an engine fitted with 
a governor, as shown in Fig. 298, with those obtained from a Crossley governed 
engine. In both cases the mixture strength remains the same, but the quantity 
is varied. 
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Since it is im portant in two -stroke engines that the cylinder is completely 
scavenged at the end of the expansion stroke, quality governing is usually applied 
in this case, since little restriction is placed on the quantity of air used, and the 
higher compression, which accompanies a completely filled cylinder, facilitates 
combustion. Against this, of course, must be placed the difficulty of igniting and 
burning a weak mixture, so that on light loads low thermal efficiency and 
instability result. 



Hit and Miss Governing 





Normal Load 



Half Load 



Light Load 


Quality Governing 

Fig. 301. 

Crossley gas engine. 

Messrs Crossley Brothers, Ltd. of Manchester pioneered the internal com- 
bustion engine in this country and Fig. 302 ; which was kindly supplied by this 
company, illustrates one of their medium power single-cylinder engines. 

The combined gas and air valve is of the double-beat type, and receives gas 
at the top, so that mixing with air is complete only just prior to the charge entering 
the cylinder. The exhaust valve is arranged at the bottom of the cylinder, so 
that solid unburnt material may be swept into the exhaust pipe on the exhaust 
stroke, and in placing this hot pipe beneath the engine the danger of an engine 
attendant being burnt is lessened. 

The cross-section of the cylinder shows the ignition gear conveniently placed 
for its drive from the lay shaft, on the end of which is placed the cam that 
distributes compressed air to the cylinder for starting the engine. When the 
starting air is turned on, the starting plunger is blown out against the 
resistance of a spring, and engages the cam; so that if the engine has been barred 
round into the correct position to start, it will run as an air motor until 
sufficient speed has been attained to turn on the fuel, and allow it to run as 
a normal engine, when the starting air is cut off. 

On medium-sized engines the starting air bottles are charged by bleeding off 
a certain amount of the explosive products in the cylinder through a screw- 
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Longitudinal section .of Crossley gas engine. 



Cross section through cylinder head of Crossley gas engine. 
Fig. 302. 
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controlled form of relief valve, shown in the end of the cylinder. Large engines 
require far more starting air, and to charge the bottles by the previous simple 
device would render the screw-down valve liable to being burnt out. For this 
reason, therefore, a separate air compressor is employed. 

Convertible gas engines. 

On oil fields there is frequently a supply of natural gas which is excellent fuel 
for the engines used for driving the equipment employed on oil boring, etc. As, 
however, the supply of gas is limited, it is very desirable that the engines should 
be capable of running on either gas or liquid fuel. The same observations apply 
to engines used in mining which operate on wood drawn from the vicinity of the 
mine. As the distance from which the wood has to be brought increases, a time is 
reached when it is cheaper to run on liquid fuel than on wood. 

To this end the Premier Gas Engine Company has designed engines which 
can be converted, very simply, to run on oil, and a large number of these engines 
are now in use for generating electricity or compressing air. 

The change in compression ratio necessary for running on oil is made by 
removing a water-cooled packing piece from between the cylinder and the cylinder 
cover, rather than by packing the connecting rod, so that the piston always runs 
over the same part of the liner. When running on gas the packing piece is fitted 
and the fuel pump and atomiser replaced by a magneto and sparking plug. The 
governor links are also connected to a* butterfly type of gas valve. 

Modern normal compression gas engines. 

When several hundred horse-power have to be developed at fairly high speed 
the vertical monobloc type of engine with totally enclosed working parts is in 
general use. In mechanical design it is identical with the oil engine of the same 
power and speed, except that the cylinder cover and piston are flat. The high 
rating of the engine involves oil-cooling of pistons when their diameter exceeds 
16 in., also water cooling the bearings, and possibly using sodium-cooled exhaust 
valves. 

A supercharged engine of this type, using gas of high calorific value, will 
develop as much power as an oil engine without the same amount of noise or 
smell, and is more reliable. 

High -compression gas engines. 

The dwindling oil resources of the world, and the exigencies of war have been 
responsible for the development of high-speed high-compression gas engines. 

A short time ago it was discovered that a compression ratio of about 20 to 1 
was required to cause spontaneous ignition of an air-gas mixture; accordingly it 
is possible to convert oil engines to run on gas with very little structural change. 
The major difficulty is ignition of the charge. At compression ratios in excess of 
12 to 1, especially in large engines? there is a difficulty in producing a spark, so 
that Mr Erren initiated combustion by a pilot jet of oil. 
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On the Erren cycle a full charge of air is aspirated, and after the inlet valve is 
closed, gas, at a pressure varying between 40 to 240 lb. per sq. in., is admitted by 
a rotary valve to a nozzle fitted in the cylinder wall. The nozzle directs the gas 
jet to the point at which combustion is to be initiated, thus ensuring a readily 
ignitable mixture, even on light loads. 

Gas under pressure sets the engine at a disadvantage, except in cases where the 
gas is stored in high-pressure containers, as on road vehicles. As a compensation, 
however, the engine will develop almost the same power as when running on 
petrol, whereas with naturally aspirated gas a loss of more than 30 % appears 
inevitable. 

The ignition oil is barely sufficient to “tick the engine over” on no load, and 
yet with this ignition the engine will develop a b.m.e.p. of 120 lb. per sq. in. 
Should the supply of gas fail, the engine ipay be run entirely on oil, and in this 
respect the bi-fuel engine has a tremendous advantage. 

Future of the gas engine. 

The oil fuel resources of the world are rapidly becoming exhausted, and are 
not replaceable. They should therefore be conserved for lubrication and fuel for 
transport vehicles. 

On the other hand gas may be produced from any hydrocarbon, many of 
which are available in vegetation, and also in waste materials, such as sewage, 
nut-shells, bark, dead leaves, etc. As these fuels are annually replaceable, and 
the thermal efficiency of gas engines is high, it would appear very desirable to 
employ gas engines for the development of medium powers, to cut out the 
stationary oil engine, and leave large powers to steam turbines. 

Volumetric efficiency of a gas engine. 

It is shown on p. 618 that the volumetric efficiency of a petrol engine is 
justifiably defined as 

Aspirated volume of air, per strok e, reduced to k. t.p. 

Swept volume 

To allow for variations in barometric pressure it is only fair that, on this basis, 
the engine should be tested at 30 in. barometer. 

With gas and oil engines, no artificial depression of inlet temperature occurs, 
so that it would appear more reasonable, with these engines, to adopt the 
volumetric efficiency defined by the British Compressed Air Society for air 
compressors, viz. 

Air aspirated per stroke, red uced to intake conditions 
~ ~ Swept volume 

In the case of gas engines “air aspirated per stroke” should be replaced by 
“mixture aspirated per stroke”, and the basis of the efficiency should be in- 
dicated. 
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Ex. Volumetric efficiency (heat value of the mixture). 


A gas engine having a cylinder 10 in. diameter and stroke 18 in. has a volumetric 
efficiency of 81 % . Ratio of air to gas equals 8 to 1. Calorific value of gas equals 275 C.H.U. 
per cu. ft. at n.t.p. 

Find the heat supplied to the engine per working cycle. If the compression ratio is 
4-9, what is the heat value of the mixture per working stroke per cu. ft. of total cylinder 
volume? 

In the absence of other information we must regard the volumetric efficiency as the 


n.t.p. value. 


™ i 0-81 x 7T x 10 2 x 3 A o. 

Charge volume = — -j — _ . . - 9 — = 0-663 cu. ft. 

4X1 X Z 


If v is the volume of gas used per stroke, then the volume of air = 8v, and 9v = 0-663, 


whence 


0*663 A 

v = — _ — = 0-0736 cu. ft. 
y 


Heat supplied per stroke = 0-0736 x 275 = 20-25 c.h.u. 

Swept volume + Clearance volume 


Compression ratio = 4-9 = 
Clearance volume 
Total cylinder volume = 


Clearance volume 

Swept volume 
3d) # 

7 r x 100 
4x144 


X 2[ 1 + 3-!)] 


1-026 cu. ft. 


20-25 


Heat supplied per cu. ft. of total cylinder volume = “ ^0*73 c.h.u 


Ex, Lenoir gas engine cycle. (I.M.E. April 1937.) 

The ideal cycle in an early type of the Lenoir gas engine consisted of the following 
stages: 

(1) The “ combustion’ * volume was filled with the explosive mixture at atmospheric 
pressure. 

(2) The charge was ignited, combustion taking place at constant volume. 

(3) The gases expanded adiabatically down to atmospheric pressure. 

(4) Exhaust took place at atmospheric pressure. 

Sketch the pressure volume diagram for this cycle. 
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In a particular case the expansion ratio was 3-5 : 1 and the mixture when ignited was 
15 lb. per sq. in. and 57° C. Tabulate the values of pressures and absolute temperatures 
and volumes of 1 lb. of the explosive mixtures at the end of stages (1), (2) and (3). 
Specific heat at constant pressure = 0*238; specific heat at constant volume = 0*17. 
V 

The expansion ratio — = 3*5. p 3 vl — p 4 ?> 4 . 

V 3 

•\ p 3 = 15 x 3*5 1,4 = 80*74 lb. per sq. in. 


Stage 

Volumes 
cu. ft-. 

! Pressure 
lb. per sq. in. 

Temperature 

°C. 

1 to 2 


14*60 

; is 

330 

2 to 3 


14*60 

80*74 

1900 

3 to 4 


51*3 

: 15 

1150 


Ex. Relative efficiency. Air gas ratio. Calorific value of charge. (B.Sc. 1925.) 


The swept volume of a gas engine is 0*334 ©u. ft. and the clearance volume is 0*082 
cu. ft. The engine consumes 150 cu. ft. of gas per hr. when running at 165 r.p.m. firing 
©very cycle, and it develops a b.ii.f. of 5*02 and has a mechanical efficiency of 73*4 %. 
What is the relative efficiency of this engine compared with the standard cycle if the 
calorific value of the gas is 270 c.h.u. per cu. ft.? 

Assuming a volumetric efficiency of 0*87, find the ratio of air to gas used by the 
engine and calorific value of 1 cu. ft. of the mixture in the cylinder. 


Swept volume = 0*334 

416 

Clearance volume = 0 082 Compression ratio ^ 

Total volume = 0*4 1 6 


Air standard efficiency = £l — (5^75) J ^ 


Work done per min. = 


5*62 x 33,000 
1400 


5*075. 


47*8%. 


132*3 c.h.u. 


Indicated work per min. 
Heat supplied per min. = 


_ 1 32*3 
“ 0*734 


Thermal efficiency i.h.p. basis = x 100 
26*75 

Relative efficiency = x 100 


= 180*5 c.h.u. 


= 675. 


— 26*75 % 
= 55*9% 


Volume of mixture taken in per stroke = 0*334 x 0*87 = 0*2905 

„ , . , 150x2 

Volume of gas taken in per stroke 


60x165 


= 0*0303 


Volume of air taken in per stroke 


= 0*2602 


A* .* 2602 QA. 1 

/. Air gas ratio = = 0*0 to 1. 

270 

Calorific value of charge = g-g = 28*1 o.h.u. 
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Ex. Variation of mixture strength. (B.Sc. 1926.) 

Tests made on a four-stroke gas engine with a view to discovering the effect of mixture 
strength gave the following balance: 


Tost 

A 

Weak mixture 

B 

Strong mixture 

Indicated work 

37 

33 

Heat in exhaust gas 

42 

39 

Heat lost during cycle 

21 

28 

1 

100 

100 


In the test A the supply of coal gas was 8*55 standard cu. ft. per min. and in test B 
10*98. The calorific value of the gas used was 334 c.h.u. per standard cu. ft. Calculate 
the i.h.p. developed and the heat loss to cylinder walls and piston per min. in the two 
cases. 

It will be noticed that the thermal efficiency of the engine when working on the weak 
mixture is greater than when the engine is working on the strong. Give the reason for this. 


Test 

A 

B 

Heat supplied per min. 
Work done per min. 

Heat lost per min. 

8-55 x 334 = 2855 
0-37 x 2855 = 1056 
0’21 x 2855 = 600 

10-98 x 334=3666 
0-33x3666 = 1210 
0-28 x 3666 = 1027 


Reasons for higher thermal efficiency on weak mixtures. 

( 1 ) With a weak mixture the temperature rise, for a given heat input, is greater 
than with a rich mixture, since there is little or no dissociation, and the specific 
heat is less at the lower temperature. 

(2) The smaller maximum temperature reduces the heat flow to the cylinder 
walls. 

The more nearly the maximum temperature approaches the temperature at 
the end of compression the more closely will the Otto efficiency approach the 
Carnot. 

Heat balance for an internal combustion engine. 

From the conservation of energy the total energy supplied to an engine must 
be equal to the total energy leaving the engine. If therefore an engine is placed 
in an enclosure, the energies entering the enclosure, relative to 0° C., in order of 
importance, are usually: 

(1) Chemical energy in the fuel. 

(2) Sensible Heat in cooling water. 

(3) Sensible heat in fuel, air, and the heat of the water vapour. 

(4) Sensible heat in ventilating air. 

(5) Sensible heat in lubricating oil. 

(6) The kinetic energy in fuel, air, water and oil streams. 
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In order of importance the energies leaving the engine are usually: 

(1) Sensible heat in exhaust, together with the calorific value of the unburnt 
fuel, and the heat in the steam formed . 

(2) Sensible heat in jacket water. 

* (3) Sensible heat equivalent to b.h.p. 

(4) Sensible heat in ventilating air. 

(5) Sensible heat in lubricating oil. 

(6) Kinetic energy in the exhaust, cooling water, air and oil streams. 

Now most engines are placed in enclosures, the engine room, and, if chemical 
precision were required, there is no reason why the items enumerated could not 
be measured; in fact in large plants they arfc, but, for the majority of engine tests, 
many of the terms are of second or third order of importance, and, as an approxi- 
mation, they are not measured but are massed up in the Unaccounted for. 

An approximate heat balance is therefore given by 


Entering 

Leaving 

Heat in fuel 

Heat in exhaust 

Sensible heat in jacket water 

Heat in jacket water 

Sensible heat in fuel and air 

Heat equivalent of b.h.p. 

Radiation, lubricating oil, unburnt fuel, j 
kinetic energy and errors | 

Unaccounted for i 


■ Entehing — 

Fig. 304. 

A further simplification, which facilitates recording results, is to regard the 
specific heat of the fuel and air the same as that of the exhaust gas; so that the 
sensible heat terms may be transposed to the right-hand side of the heat balance. 
The heat to exhaust will then be measured relative to the temperature at which 
the fuel and air were supplied, and the heat loss to the cooling water relative to 
the temperature at which the cooling water entered the engine. With this modi- 
fication, the heat balance, per unit quantity of fuel, or per unit time, becomes 



Heat units 

o/ 

/o 

Heat in fuel 


100 

Heat to exhaust 



Heat to cooling water 

* 


Heat to b.h.p. 



Unaccounted for 
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Note. The Heat Engine Trials Committee recommend the use of the higher 
calorific value of the fuel for use in the energy balance, since there is a doubt 
about the other calorific values. 


Ex. Gas engine trial. (B.Sc. 1930.) 

A gas engine governed by “ hit-and-miss ” and developing about 15 n.P. is to be tested 
in order to find its thermal efficiency and mechanical efficiency at various loads. Make 
out a list of observations you would take and state how you would measure the several 
quantities involved. 

Show how you would use the result to calculate the efficiencies required. 

Heat balance sheets are to be drawn up for the trials. 

Mechanical efficiency = ~~~ • (1) 


, „ . , x . Heat equivalent of i.h.p. 

Thermal efficiency (i.ii.p.) basis = . - — ,. , -. — . 

J Heat supplied per min. 


.( 2 ) 


The quantities required for a heat balance are detailed on p. 591. 

Equations (1) and (2) and the heat balance indicate the quantities which must be 
measured. 

The b.h.p. is most readily obtained, for an engine of this type and power, by a rope 
brake, from which the effective torque on the brake rim may be computed. A revolution 
counter will supply the speed. 

A normal type of indicator is suitable for estimating the i.h.p,, provided a counter is 
placed on the gas valve to record the working cycles. 

If the calorific value of the gas is known, we only require to meter the volume con- 
sumed, and refer this to the condition at which the calorific value was obtained, by 
recording the absolute temperature and pressure of the gas. 

The heat rejected to the cooling water may be obtained by measuring the tempera- 
ture rise of the water; and, to eliminate temperature effects on the metering of the water, 
a meter, which has been calibrated for mass flow by direct weighing, should bo fitted 
on the inlet pipe. 

The heat to exhaust can only be determined, with any precision, by fitting an exhaust 
calorimeter close to the engine. This calorimeter is similar to a surface condenser, and 
it should be capable of reducing the temperature of the exhaust gases to that of the 
atmosphere. 

The observations should be taken over a definite interval of time, after stable con- 
ditions have been attained, and it is convenient to draw up a heat balance in heat units 
per minute. 


Ex. Indicator diagrams for gas engine. (Whitworth Scholarships.) 

What is meant by negative loop in a gas engine indicator diagram? How is this loop 
taken into account in estimating the true i.h.p. of a gas engine? 

What difference is there in this negative loop when (a) there is an explosion in the 
cycle, ( b ) there is no explosion in the cycle ? 

Give sketches in answering this question. 
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If it were possible to use a light spring for both the charging and power strokes of a 

gas engine the form of diagram shown in Fig. 305 would be produced, the direction of 
the arrows being followed. 

i* 16 Slgn an area dc P en(is upon the direction in which it is traced, and since 
the black area is traced in the reverse direction to the white area, then it is of opposite 
sign. This is obvious, since the black area represents the work done in charging and 
discharging the cylinder. The wavy line on the exhaust stroke being produced by the 
elasticity of the column of exhaust gas. 



Fig. 305. 

For the missed cycle the entire area is negative.* A B is the suction stroke, BC the 
compression stroke, and CD the expansion stroke. At D the exhaust valve opens and 
air rushes in to raise the pressure to atmospheric prior to the expulsion of the air. 

The white area gives the gross horse-power (g.h.p.) developed, the black the pumping 
horse-power (p.ii.p.). 

True i.h.p. =s (g.h.p. — p.h.p.). 


Generally the p.h.p. is ignored, as it is small in comparison with the g.h.p. 


Ex, Friction horse -power of gas engine and no load gas consumption. 

(B.Sc. 1936.) 

A gas engine of 7 in. bore and 15 in. stroke is governed by hit-and-miss to 220 r.p.m. 
With a fixed setting of the gas cock and ignition advance, indicator diagrams gave the 
following values of m.e.p.: Firing, positive loop 83-3 lb. per sq. in., negative loop 3*5 lb. 
per sq. in.; missing, negative loop 61 lb. per sq. in. When developing 8*62 b.h.p. the 
explosions per minute were 100 and the gas used was 3-56 cu. ft. per min. Calculate the 
friction horse-power of the engine, and assuming constant gas per explosion, find the 
gas consumption at no load. 

With an indicator spring, sufficiently stiff to prevent vibrations of the indicator 
during the working cycle, the energy required to charge and discharge the cylinder is 
entirely masked, but, by using a light spring, the pumping horse-power (p.h.p.) may be 
obtained independent of the gross horse-power (g.h.p.), which is given by the stiff 
spring. , 

The net i.h.p. = (g.h.p. —p.h.p.). 

* On the missed cycle the negative work is greater than on a working cycle since the 
piston must charge and discharge the cylinder; whereas the momentum of the exhaust 
gases assist on a working cycle. 


WH £ 


38 
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b.h.f. = (g.h.p. — p.h.p.) for the working cycles — [p.h.p. of the missed cycles]— f.h.f. 

220 


The number of cycles - 


= 110 


PLAN 

IHP -= 83,000 and 


The number of working cycles = 100 
The number of missed cycles = 10 
LA 15 x n x 7 2 


4# 


33,000 12 x 4 x 33,000 


1 _ 

686 * 


Net i.h.p. 


686 


[(83*5 — 3*5) 100-6*1 x 10] = 11*53 
b.h.p. = 8*62 


f.h.p. = 2*91 

Let n be the number of firing strokes to keep the engine operating at no load, i.e. 
to overcome the pumping and friction losses. 

Work done per firing stroke = 3830 ft. lb. 

„ ,, ,, pumping stroke = 293 „ 

3830w -293(1 10 -w) = 2*91x33,000, 

128,230 

n = — - '* 

4123 

Gas per firing stroke = 0*0356 cu. ft. 

1 28 230 

Gas per minute at no load = - - ' x 0*0356 = 1-105 cu. ft. 

412o 


Ex. Diameter of gas engine cylinder. 

Determine the diameter of a gas engine cylinder to develop 24 i.h.p. when making 
96 explosions per minute, given clearance volume J swept volume, law of compression 
and expansion, pv 1 ' 3 , absolute maximum pressure 2*75 times the absolute pressure at 
the end of the stroke. Length of stroke to be twice the bore of the cylinder. 

Let d be the bore of the cylinder in feet. 


Swept volume = x2d — cu. ft. 

thP 

Clearance volume = ^ = v 2 . Total volume = %nd 3 = v x . 


& 

P2 




Compression pressure 


12 x 6\ 1,3 

= 14 * 7 (ssr) 


89*2 lb. per sq. in. 


Pressure at end of explosion = p 3 = 2*75 x 89*2 = 245-2 lb. per sq. in. 


Pressure at end of expansion = = 40*4 lb. per sq. in. 


Useful work done per cycle: 


* 


(P3V 3 -p A Vi) (Pa^a-PiVt) 
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But “ ® 4 and v t = v 9 . 


1909 2nd 3 


m 


•'* F = (£3 (A_A) 144 “6&4 (A ” ft) 144 “ W x 

Work done per minute = 24 x 33,000 = x x 96. 

0-3 3 

_ 3 /24rxYm6 xO^ 
d ^’2^Wx9F = ° ,8523ft * 
d = 10*23 in. 
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Ex, Horse-power of gas engine. , (Whitworth Scholarship 1924.) 

Calculate the maximum horse-power which can be developed in the cylinder of a 
four-cycle gas engine which runs at 210 r.p.m.The diameter of the piston is 12 in. and 
stroke 16 in.; clearance volume 25 % of the swept volume. 

The gas supplied consists of CO = 19*7 % H* - 28*8 %, C0 2 = 14*4 %, N 2 = 37*1 %. 

Assume total mixture at n.t.p. admitted pejr suction stroke is 0*875 of total volume 
behind the piston at the end of the stroke and that the thermal efficiency is 35 %. 

* Calorific value of H 2 per lb. = 29,000 c.h.u. 

Calorific value of carbon burning from CO to C0 2 = 5600 c.h.u. 

Density of air = 0*0807 lb. per cu. ft. 

Theoretically the maximum power is developed when the weight of air supplied is 
a minimum, since then the volume available for receiving the charge is used most 
effectively. 

The combustion equations are 

211 2 + 0 2 = 2H.,0 2CO + 0 2 = 2C0 2 

Vols. 2 1 2 Vols. 2 1 2 


0 2 for H 2 = 01440 
0 2 for CO = 0*0985 

Total 0 2 = 0*2425 per cu. ft. of gas. 

i on 

Air per cu. ft. of gas = x 0*2425 
= 1153 cu. ft. 


Volume of mixture per cu. ft. of gas = 2*153. 

16 
12 : 


o XI 7T X l 2 16 7T f 

Swept volume = — ^ — x ~ cu. It. 


Clearance volume 
Total volume 


3 

7T 

12 * 

5tt 

12 * 


Volume of charge admitted per stroke = 0*875 x ^ . 

Charge volume per minute = 0*876 x ^ x = 120*2 cu. ft. 

120*2 

Cubic feet of gas per minute = ** cu * 


38-2 
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Volume of H 2 per minute = 55*8 x 0-288 = 16-09. 

Volume of CO per minute = 65*8 x 0-197 = 11-0. 

~ i . rTT r , 2x29,000 

Calorific value of H 2 per cu. ft. = — — = 162 c.H.rr. 


2C + 0 2 = 2CO 

24 32 56 

1 lb. of C produces - lb. of CO. 

Calorific value of CO per lb. = = 2400. 

56 


n t .« , ,, nrk c . 28 x 2400 OD 

Calorific value of CO per cu. ft. = — — = 188 c.h.tt. 

358 


Heat in charge due to ff 2 = 16-09 x 162 
Heat in charge due to CO = 11-0 x 188 
Heat supplied per minute 
Heat utilised = 0*35 x 4672 


= 2606 
= 2066 
= 4672 
= 1636 c.h.u. 


h.p. developed 


1636 x 1400 
33,000 


= 69 4 . 


Ex. Gas engine with waste heat boiler. (I.M.E. April 1938.) 

The following observations were made in a test of a gas engine in which a waste heat 
boiler served as an exhaust gas calorimeter: gross calorific value of gas, 290 o.h.u. 
per cu. ft. at n.t.p.; gas consumption, 330 cu. ft. per hr. at n.t.p,; density of gas, 0-044 
lb. per cu. ft.; weight of water vapour of combustion produced j^cr cu. ft. of gas (at 



N.T.P.), 0-045 lb.; air consumption, 170 lb. per hr.; temperature of air and gas supply, 
15 ° C.; rate of flow of water through the boiler, 370 lb. per hr.; inlet and outlet tem- 
peratures of water, 21° C. and 82° C. Temperature of exhaust gases leaving the boiler, 



Internal Combustion Engines 597 

126° C. Calculate the heat per hour leaving the engine and express as a percentage of 
the heat supplied. 

Assume the dew point of the exhaust gases as 50° C., the total heat of dry saturated 
steam at 50° C. = 617 o.h.u. per lb., the mean specific heat of steam as 0*48 and the 
specific heat of the flue gases as 0 24. Take 15° C., the atmospheric temperature, as 
datum. 

Weight of gas per hour = 330 x 0-044 = 14-52 lb. 

Weight of air per hour = 170-00 

184-52 lb. 

Weight of steam per hour = 830 x 0-045 = 14*86 
Weight of dry flue gas = 169-66 lb* 


Heat in dry flue gas = 1 69-66f 126 - 1 5] x 0-24 = 4,520 

Heat in steam formed = 1 4-86] 6 17 — 154- 0-48(126 — 50)] = 9,490 
Heat to boiler = 370(82 — 21 ) = 22,580 

Total heat leaving engine relative to 15° C. = 36,590 

Heat supplied = 330 x 290 = 95,750 


Heat rejected to exhaust as a percentage of the heat supplied = 38*2 %. 


Tookey factor. 

Mr W. A. Tookey, in his paper “Commercial Tests of Internal Combustion 
Engines’’, Proc . Inst. Mech. Eng. 1914, described a factor by which all forms 
and sizes of internal combustion engines might be compared. 


mi ^ , x . x . M.tc.P. in cycle, lb. per scj. in. 

The Tookey factor is .... f ~ . — — =-r — r — .. ; — • 

Thermal value of 1 cu. ft. of cylinder mixture 


Thermal value of 1 cu. ft. of cylinder mixture 


Heat supplied per impulse 

Swept volume x Volumetric efficiency 4- Clearance volume* 


For a modern gas engine the Tookey factor should be 4- 1 4, when the heat supply 
i» measured in c.h.tj. 

(Senior Whitworth Scholarship.) 

Ex. What is the value of the Tookey factor for a gas engine developing 12-5 i.h.p. 
Use the following data: Piston diameter, 8-25 in.; Stroke, 12 in.; Explosions per minute, 
110; Calorific value of gas, 280 c.h.u. per cu. ft.; Gas per hour, 215 cu. ft.; Clearance 
volume, 25 % of swept volume; Volumetric efficiency, 0-875. 


_ PLAN 
i.h.p. - 33 000 • 


M.E.P. 


i.h.p. x 33,000 
' LAN 


M.E.P. 


33,000 x 12-5 
7TX8-25 2 12 lin 


70-4 lb. per sq. in. 
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1 vol. of gas + 2 vols. of 0 2 produce 1 vol. of C0 2 and steam which is condensed in the 
gas apparatus. 

2H 2 + 0 2 = 2H 2 0. 


2 vols. of H 2 + 1 vol. of 0 2 . 

Total air required, for complete combustion, of 1 cu. ft. of gas: 

100 

^p[0-65 x 2 + 0*02 x \\ = 6*235. 

.\ Air fuel ratio, for complete combustion, is 6*235 to 1. 

The CO present in the exhaust gas complicates the problem, but, as this CO is pro- 
duced by imperfect combustion, and not as the result of a deficiency in the air supply, 
the actual air supply will not be affected by considering the CO burnt to C0 2 . 

Using this dodge we can compare the C0 2 content for the actual air supplied with that 
of the minimum air for complete combustion, and in this way obtain the percentage 
excess air. 

In 100 cu. ft. of flue gas there are: 5*3 cu. ft. of 0 2 , 83 cu. ft. of N 2 , 0*3 cu. ft. of CO 
and 11*4 cu. ft. of C0 2 . 

If we now consider burning the CO to C0 2 , we have 

2C0 + 0 2 = 2C0 2 . 

2 vols. + 1 vol. = 2 vols. 


0*3 

/. 0 2 required to burn the CO = , and the C0 2 formed = 0*3 cu. ft., whence the 

£ 

gas analysis for complete combustion, with the actual air supply, becomes 

0 2 = 515 
N 2 =83-00 
C0 2 = 11-70 
99-85 

whence Percentage C0 2 = 11 = 11-72 %. 


For complete combustion of 100 cu. ft. of gas the minimum air supply = 623*5 cu. ft., 

7Q 

x 623*5 = 493 cu. ft. 

100 

- 2 


and the N 2 in this air 


N a in the gas = 

Total N 2 = 495 cu. ft. 

Analysis of dry exhaust gas for minimum air supply is 


co — 
co 2 - 31 

% by volume 

16*24 

96 


N a =495 

83*76 

591 

100-0 
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To reduce the percentage C0 2 from 16-24 
by V cu. ft., so that 


96 x 100 
591 + V 


to 11-72 the air supply must be increased 


11-72, 


whence V = 228 cu. ft. of excess air per 100 cu. ft. of gas. 


t>9Q y 1 A{) 

,\ Percentage excess air =» r -- == 36*7 %. 

Check. From p. 510 the excess air is given by 

5*5 

n/ ~ 591 x ~ - x 100 

§? 


This disagrees with the 228 given by the previous solution, and apparently there 
is an error in the analysis of the exhaust gas. The true* analysis may be predicted as 
follows: 

Excess air = 228 

N 2 in excess air = 0-79 x 228 = 180 
9g ,, ,» it ~ 4s 

o/ 

Total N 2 in exhaust gas = 495 + 180 = 675 82-41 

0 2 „ = 48 5-86 

C0 2 „ „ =_96 _ll-72 

819 10000 

„ . 591 x 5-86 „„ „ 

Check. Excess air = , == 228-8. 

21 — o-8o 

The true analysis of the exhaust should therefore be approximately 0 2 = 6-01, 

N a = 82-41, CO = 0-3 %, C0 2 = 11-42. 


EXAMPLES 


1. Volumetric efficiency. 

Determine the volumetric efficiency of a four-stroke gas engine and the ratio of au- 
to gas from the following data: Cylinder diameter = 9 in.; Stroke = 17 in.; Gas used 
per hour = 285 cu. ft.; Pressure of gas = 14-95 lb. per sq. in., temperature 17° C.; 
Air used per hr. = 2812 cu. ft.; Pressure of air = 14-9 lb. per sq. in., temperature 17° C.; 
Working cycles = 4890 per hr.; r.p.m. = 200. 

Assume that pressure at end of exhaust and suction strokes = 14-7 lb. per sq. in. 
Alan assume that the volume of the charge (gas and air in a working stroke and air in 
an idle cycle) in cubic feet is the same for an idle as for a working cycle. 

J Ans. 78-8%; 7-83 to 1. 
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1 1 . Gas-engine test (heat balance, volumetric efficiency, relative efficiency). 

(B.Sc. (External) 1932.) 

A single-cylinder gas engine has a cylinder 7*5 in. bore and stroke equal to 15 in., and 
a compression ratio of 5*75 to 1. 

The following data were obtained from a test of this engine: 

R.p.m., 285; Explosions per min., 97*2; Mean indicated pressure, 81 lb. per sq. in.; 
B.H.P., 8*2; gas consumption, 3*7 cu. ft. per min. at 17° C., and 2*5 in. of water; 
Barometer, 29*4 in.; Cooling water, 25*0 lb. per min.; Inlet and outlet temperatures of 
cooling water, 12 and 30; Higher calorific value of gas at n.t.p., 279 c.h.u. per cu. ft. 
Air consumption equals 3*32 lb. per min. 

Draw up a heat account for the test in c.h.u. per min. 

Find the mean volumetric efficiency relative to the air at n.t.p., taking both air and 
gas into account. 

Find the efficiency relative to the air standard cycle if y equals 1-4. 

Ans. Heat supplied per minute, 957*5 c.h.u.; Indicated work, 310 c.h.u.; Cooling 
water, 450 c.h.u. ; Volumetric efficiency, 81*6 ; a.s.e., 50 % ; Thermal efficiency, 32*4 % ; 
Relative efficiency, 64*8 %. 

12. Conversion from gas to oil. 

A mining company acquired a second-hand gas engine which they wished to convert 
to run on oil for a minimum expense. Determine the total thickness of the packing to 
be placed beneath the connecting-rod brasses in order to raise the compression pressure 
from 112 lb. per sq. in. to 490 lb. per sq. in. Compression index, 1*3; Initial pressure, 
14 lb. per sq. in.; Bore, 12 in.; Stroke, 15 in. 

What other modifications are necessary, and what special precautions would you 
observe? Ans, 2f in. 

13. Diameter of gas-engine cylinder. 

Find the diameter of a gas engine operating on the Otto cycle to fulfil the following 
conditions: b.h.p. to be developed, 45; Piston speed, 650 f.p.rn.; Mechanical efficiency, 
80 %; Clearance volume, 0*25 of the swept volume; Maximum explosion pressure, 2*5 
times the maximum compression pressure; Index for compression curve, 1 *38; Index 
for expansion curve, 1*35. Ans . 15| in. diameter. 

14. Cylinder dimensions. (I.M.E. October 1936.) 

A four-stroke cycle gas engine with hit-and-miss governing is to run at 220 r.p.m. 

and carry a normal load of 20 b.h.p. with an m.e.p. of 85 lb. per sq. in. and a mechanical 
efficiency of 80 %. It is to be capable of developing, on overload, an i.h.p. 20 % in excess 
of normal. Assuming a stroke-bore ratio of 2 : 1, calculate the cylinder dimensions. 

Ans . 9*33 in. ; 18*66 in. 

15* Theoretical pressure after combustion. (B.Sc. 1923.) 

The dimensions of an engine working on the Otto cycle are : Bore, 5 J in. ; Stroke, 10 in. ; 
Clearance volume, 0*035 cu. ft. 

When running at 300 r.p.m., and firing every cycle, it consumes 2*6 cu. ft. per min, 
of gas having a lower calorific value of 250 c.h.u. per cu. ft. Taking the temperature and 
pressure at the end of the suction stroke as 60° C. and 15 lb. per sq. in., calculate the 
pressure at the end of compression, and assuming all the heat is added at the constant 
specific heat of 0*169, find the theoretical pressure after combustion. Take pv = 96 wT. 

Ans . 121*3 lb. per sq. in.; 613 lb. per sq. in. 
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16. Air to gas ratio. Volumetric efficiency. (I.M.E. October 1938.) 

The following particulars relate to a test on a single-cylinder four-stroke gas engine: 
Cylinder bore, 8 in.; Stroke, 15 in.; Speed, 300 r.p.m.; Gas consumption, 275 cu. ft. per 
hr. at N.T.P. Percentage composition of gas by volume: CII 4 , 05-0; H 2 , 2-0; N g , 2*0; 
C0 2 , 31-0. Percentage composition of dry exhaust gas by volume: C0 2 , 114; CO, 0-3; 
O a , 5-3; N„ 83-0. 

Find (a) air-fuel ratio by volume, (6) volumetric efficiency taking both air and gas 
into account. 

Air contains 79 % by volume of nitrogen. 4ns. (a) 8*25 to 1 ; (b) 64-8 % . 


17. Change in volume on combustion. (T.M.E. 1938.) 

The percentage analysis, by volume, of a coal gas is as follows: H 2 , 48; CH t , 28; 
CO, 8-6; C,H 4 , 64; 0 2 , (Mi; N 2 , 84. Determine the percentage change in volume when 
this gas is burned in nine times its own volume of air, and give the composition of the 
resulting products of combustion. 

Assume air to contain 79 % of N 2 by volume. 

Ans. 2-84% with H 2 0 as steam; C0 2 , 5-08%; H„0, 12%; N 2 , 74%; 0 2 , 8-92%. 


BIBLIOGRAPHY 

R. A. Erken (1939). “A new injection system for gas engines.’’ Pror. Jmt. Meek. Eng. 
vol. cxi, I, p. 386. 

J. Jones (1944). “The position and development of the gas engine.” Proc. Ivst. Mech. 
Eng. vol. cli, p. 32. 



CHAPTER XVm 


INTERNAL COMBUSTION ENGINES 
(2) THE PETROL ENGINE 

All modern petrol engines operate on the Otto cycle, which, in practice, may be 
performed in two or four strokes, thus: 

4 * 

The two -stroke cycle. 

Where extreme simplicity and ease of reversibility are desired an engine may 
be built having but seven main components, the cycle of events ( originally due to 
Sir Dugald Clerk) being completed in two strokes of the piston, thus: 

The maj or portion of the inward and outward strokes is occupied by compression 
and expansion of the charge. Towards the end of the expansion stroke the piston 
uncovers the exhaust ports, and so releases the burnt gases. A little later a 
second set of ports is uncovered which puts the cylinder in communication with 
the crankcase, containing a slightly compressed explosive charge. This charge is 
transferred to the upper side of the piston, on the ascent of which it is compressed, 
and a fresh charge is drawn into the crankcase. The cycle is then repeated. 



There are several practical difficulties in the efficient application of the two- 
stroke cycle, thus: 

(1) The removal of heat. 

(2) The inlet and exhaust ports are open simultaneously, so that 

(a) Some of the fresh charge may escape unbumt. 

(b) The remaining charge may be polluted by exhaust products. 
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(3) The preliminary compression of the charge, in the simplest engine, involves 
petrol entering the crankcase, and this interferes with lubrication. 

(4) The consumption of lubricating oil is greater than in a four-stroke engine. 

(5) The sudden release of the products causes the exhaust to be noisy. 



(6) With crankcase compression the space occupied by the moving parts 
prevents a full charge being taken in. This defect, combined with (1), prevents 
the two-stroke developing much more power than a four-stroke of equal cylinder 
capacity. 

(7) ' Imperfect running on small throttle openings. 

In spite of the previous defects the superior torque and simplicity of this 
engine have caused designers to exercise a great deal of ingenuity in seeking to 
improve it. 
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Heat flow has been increased by the use of alloy cylinder heads and water 
cooling. 

Unsymmetrical pistons carrying deflectors have been replaced by symmetrical 
pistons in conjunction with inclined ports in the cylinder walls (see Fig. 309). 
In some cases a suitable exhaust pipe, and positioned exhaust ports have been used 
to induce the explosive charge without the assistance of crankcase compression. 

Defect (2) has been surmounted by the opposed piston engine, in which two 
pistons work in opposite directions in a common cylinder (see Fig. 310). The 
incidental advantages of this arrangement are 


(a) Excellent balance and torque. 

(b) An ideal combustion chamber. 

(c) Symmetrical castings. 





Unfortunately the engine tends to become tall and complicated. To avoid this 
the Trojan Car Company virtually took the cylinder and doubled it in two, 
producing the type shown in Fig. 311. 

The four -stroke petrol engine. 

For general purposes an engine which occupies four strokes in completing the 
Otto cycle appears to be preferred to the two-stroke, in spite of greater com- 
plication and inferior torque. 
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The cycle consists of 

(a) The suction stroke in which the downward motion of the piston induces 
an explosive charge through the inlet valve. In all but the simplest engines this 
valve is mechanically operated. 



(a) Suction stroke 




(6) With both valves closed the mixture is compressed into the combustion 
space, where it is ignited by a spark which occurs just before the piston reaches 
the end of the stroke. 


39 
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(c) The high temperature and pressure developed during the explosion are 
relieved by expansion behind the outward moving piston during the expansion 
stroke. , 


(d) Just before the end of the expan- 
sion stroke the exhaust valve opens and 
releases the pressure; the remaining 
burnt gases, except for those in the clear- 
ance space, are swept out by the ascend- 
ing piston. 


The Royal Automobile Club rating 
for petrol engines. 

In the early days of the petrol engine 
a piston speed of 1000 ft. per min. and 
a brake mean effective pressure of 67 lb. 
per sq. in. were considered the average, 
so that the b.h.p. per cylinder of a four- 
stroke engine was given by 


67 x n x D* x 1000 
4x33, 000 xT~ 


0-4Z) 2 , 


where D is the diameter of cylinder in 
inches. 

For an engine having N cylinders the 
i.h.p. is given by 



i.h.p. = 0 -4D 2 N, 


a rating which has been adopted by the Treasury. 

Since that time piston speeds and pressures have been more than doubled, 
but the rating still stands. 


Ex. A 1 J litre Riley car engine has four cylinders 69 mm. bore. Calculate the R.A.C. 
rating. . . 

R.A.C. rating = 4 x 0-4 x 1 254 ) = h.p. 


Ex. Air standard efficiency and relative efficiency. 


A petrol engine with a cylinder 100 mm. by 120 mm. has a compression ratio of 5. 
What is the clearance volume and what is the ideal efficiency of the engine? 

If the m.e.p. in the cylinder is 80 lb. per sq. in., find the I.H.P. at 1000 r.p.m. and find 
the petrol consumption per hour if the efficiency of the engine is 0*24, and there are 
four cylinders. 

The calorific value of the petrol is 10,500 lb. cal. per lb. What is the relative efficiency 
of the engine? 


TTXlOO 2 


x 120 = 942-5 cu. cm. 


Swept volume 


A 
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Let v e be the clearance volume, and v s the swept volume. 
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V S + V C 


= Compression ratio. 


Whence v. = 


942-5 


1 4" - =5. 

v„ 

= 235-6 cu. cm. 


v, 


-' = 4. 


Ideal efficiency = 1 - (£)* “ = 47-6% (see p. 75). 

„ PLAN 80 x 144 x 942-5 500 

H - P - = 33,000 = 1447T12 x (2-54)^000 = 5 81 P er ^ hnder * 

Total h.p. = 23-2. ; 

x> . , .. 23-2 x 33,00© x 60 „ 

Petrol consumption = U()u 500 = 13 lb. per hour. 

Relative efficiency = q£jq = ®'3®4; 


Effect of cylinder diameter on power -weight ratio. 

Experience has shown that the weight per b.h.p. varies as the linear dimensions 
of the engine. 

Large power output, improved torque, a lighter flywheel, and generally a 
lighter engine, are therefore the result of increasing tho number of cylinders 
rather than the cylinder bore, which thermal considerations restrict to Gin. 

At present twenty -four pistons per crankshaft appears to be the limit, engines 
then being duplicated for greater outputs. 

The multiplicity of cylinders — high compression ratios and high speed — has 
introduced a roughness into some modern engines that may only be tolerated 
through the introduction of vibration dampers and rubber mountings. 

Pressure rise in internal combustion engine cylinders. 

Unlike the steam engine the driving force of an internal combustion engine is 
developed inside the cylinder; the pressure rise attending an explosion is therefore 
of great interest to those who require a maximum power for minimum fuel 
consumption. 

By applying the conservation of energy principle, it would appear a simple 
matter to predict the maximum pressure developed by an explosion which takes 
place at constant volume, thus: 

Let W be the weight of air, 

w be the weight of fuel mixed with the air, 
c.v. be the calorific value of the fuel, 

C v be the specific heat of the products of combustion. 

w x c.v. = C V (W + w) (Temperature rise). 


39 * 
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Temperature rise = 

iso 

At constant volume whence 

T 2 _ ry i + Temperature rise” 


To r^i + Temperatu re ri 

2h ^Pi Ti = ^ 

r t^c.v. ”1 

By (1) m (3), 2W = 3h[l +c v T i [W + w)\ ’ 


Ex. An oil engine cylinder is not cooled. One pound of air and 0 005 18 lb. of fuel 
are introduced into the cylinder at 60° F. and 15 lb. per sq. in. and are compressed to 
60 lb. per sq. in. Taking the specific heat of the products as 0-173, find the maximum 
temperature and pressure at the end of the explosion. The calorific value of the fuel 
is 19,800 b.t.u. per lb. 

, , y -J 

i 

To find the temperature at the end of compression, we have T 2 = 1\ ( 


<j*+ 

T 2 = (460+60) ^j 1 ' = 780° F. 


Lot be the maximum temperature, then 

(7' D .ax -780) x 0 173 x 1-0058 = 0-00158 x 19,800, 


y,„„ v = 1376° F. absolute; also 


P*** Pa** 


1 376 

fW = 60 x — = 105-8 lb. per sq. in. 

Experience shows that the actual pressure developed is about half the predicted 
amount, a problem which puzzled engineers very much in the early days of the gas 
engine, and which is treated on p. 613. 


Problems encountered in the evolution of the petrol engine. 

The following are some of the problems that have arisen in connection with the 
development of the petrol engine : 

(a) The supply of a chemically correct mixture at all conditions of speed and 
power, and the uniform distribution of this mixture to all cylinders of a multi- 
cylindered engine. This problem is dealt with under the heading Carburettors 
and Carburation, p. 643. 

(b) The maximum pressure developed during the explosion is only about half 
of that value predicted by the elementary theory above. 

(c) The development of large power from small cylinder capacity involves 
oharging the cylinder to the utmost with explosive mixture, and providing a 
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combustion chamber that will allow this charge to be burnt without detonation 
(see p. 624). 

(d) Economy in fuel is desirable for the following reasons: 

(1) To limit the amount of heat which has to be removed from the engine, 
since a high rate of heat flow is a potent source of trouble. 

(2) To increase the range of aircraft using petrol engines. 

(3) To cheapen the cost of power. 

(e) Mechanical troubles are bound to occur in high-speed engines, where, 
although the piston starts and stops every 4 inches, yet it averages 25 miles per 
hour, and in the case of an automobile piston it receives approximately 
2000 impulsive forces every minute, of a magnitude greater than the mass of 
the vehicle. In principle, then, this type of prime mover seems wrong. 


Reasons for the maximum pressure developed in internal combustion 

engines being less than an elementary theory predicts*. 

The reasons for the apparent loss of pressure in order of importance are: 

(1) By far the most important cause is the increase in specific heat of the 
products of combustion at high temperature, 

especially water vapour and C0 2 . These con- 
stituents occupy about one-fourth of the whole 
volume of the products of combustion. 

(2) Loss of heat to the cylinder walls. This 
loss depends upon: 

(a) The degree of turbulence in the mix- 
ture (see p. 620). 

(b) The rate at which the flame spreads. 

(c) The point at which combustion is 
initiated. 

(d) The type of cylinder cooling; whether 
air or water. 

(3) As the temperature rises above 2000° C. 
portions of the C0 2 and steam arc dissociated 
into CO, H 2 and O s . Heat is required to effect 
this splitting up, and is returned later in the 
stroke when recombination occurs. 

(4) The film of gas in contact with the 
cylinder walls is at too low a temperature to 
burn (just as in the Davy Safety Lamp). 

(5) Combustion is not instantaneous, since molecular adjustments involved 
in the formation of H 2 0 and C0 2 from H 2 , C and 0 2 take time; so that combustion 

* Proc. Inst. Mech. Eng. 1925. 



Fig. 314. 
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does not proceed entirely at constant volume. Combustion during the expansion 
stroke is known as After burning. 

(6) Chemical action, in some cases, produces a decrease in volume; for e.g. if 
the following reactions take place at constant temperature and pressure: 

2H 2 + 0 2 = 2H 2 0 

2+1 2 3 volumes produce 2 

2C0 + 0 2 = 2C0 2 

2+1 2 3 volumes produce 2 

Since the volume of the contents of the cylinder is momentarily constant, this 
apparent contraction must cause a reduction in pressure; temperature being 
controlled by the calorific value of the fuel and the specific heat of the products 
of combustion. 


Ex. Fall in pressure on firing an explosive mixture. (B.Sc. 1923.) 

Discuss briefly the explanations put forward to account for the loss of pressure at 
firing in internal combustion engines. 

A mixture of 1 vol. of air with 0-104 vol. of coal gas, of lower calorific value 266 C.H.TT. 
per cu. ft., was fired in a closed vessel, the initial total pressure being 9-5 lb. per sq. in. 
absolute and the temperature 21-5° C. If the volumetric heat is given by 16-6+ 0-008 T 
absolute ft.-lb. per cu. ft. of gas at n.t.p., find the ideal final pressure. 

The volumetric heat as well as the calorific value of the gas applies to 1 cu. ft. at 
n.t.p., so that consider we have this volume of mixture; then the heat absorbed by 
the products of combustion is given by 

\ (16-6 + 0-0082') dT ft.-lb. (1) 

J (273+21-5) 

Heat available in the gas per cu. ft. of mixture 
0-104 

= x 266 x 1400 = 36,050 ft.-lb. (2) 

Equating ( 1 ) and (2) 35,050 =T ( 16-6 + 0-008T) dT. 

J 294-5 

35,050 = 16-6T + 0-004T 2 - 16-6 x 294-5 - 0-004 x 294-5 2 . 

T 2 + 4150T — 10,072,000 = 0, 

T = $[ - 4150 ± V4150 2 + 40,290,000] 

= 1720° C. absolute. 

1720 

Final pressure = — — x 9-5 = 55-5 lb. per sq. in. absolute. 
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Ex. Reasons against the air standard efficiency. 


(B.Sc. 1926.) 


Explain the reason why the air standard efficiency is not possible of attainment in an 
internal combustion engine, and describe how curves in which the total energy of the 
working fluid is plotted against temperature may be used in constructing an ideal 
indicator diagram with which the actual performances of the engine may be more 
reasonably compared. 


In the derivation of the a.s.e. 



the following assumptions are made: 


(1) The working fluid is air, for which the specific heats are assumed constant. 

(2) There is no chemical action, the same air being merely heated and cooled, at 
constant volume, again and again. 

(3) Expansion and compression are assumed to be adiabatic. 

(4) There is always thermal and chemical Equilibrium, so that the laws of perfect 

[ apply. j 


More exact treatment. 



It will be appreciated that the simple air cycle does not take account of the 
actual properties of the working fluid. The specific heats are a function of the 
temperature, and high-pressure, high-tempe- 
rature chemical action cause C0 2 and H 2 0 to 
dissociate into elemental gases; further com- 
pression and expansion cannot be adiabatic in 
ordinary engines. 

From an internal energy temperature curve 
the average specific heat, for each portion of 
the cycle, may be computed when the tempera- 
ture change is known, since 

Change in i.e. = Average specific heat times 
the change in temperature. 

As a rule we are fortunate if we know the 
temperature at the end of the suction stroke; 
for the other points, a trial and error process 
will give a reasonably accurate result, thus: 

With an ideal diatomic gas K v = 5, K p ^ 7 
{see p. 37). 

7 


373°C\Ab5 

Absolute Temp. 


\zero Taken at 100°C to Avoid 
Difficulty with Latent Heat 


7 = 



Also 


T * = Tl (? 2 ) r_1 = Tl(r) ^ ^ 


Fig. 315. 


.( 1 ) 
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From the internal energy curve find the value of K v and hence y, which 
corresponds to the temperature change (T^ — T^) given by eq. (1), and, using this 
value of y, re-calculate T 2 by (1). 

Average K v = • (2) 

K p = E v + 1*985. y=KJK v . (3) 

If there is not good agreement between the initial T 2 and the more correct 
value, repeat the calculation, using the value of y derived from the internal 
energy curve. The second approximation usually gives a value of y sufficiently 
accurate to plot the compression curve from the relation 


pvy = c. (4) 

If the heat liberated by the explosion is known, it can be set off from (2) on the 
i.e. curve, and thus the value of T\ may be obtained, whence, at constant volume, 


with R invariable 


P3=P2 



(5) 


The specific heat for the temperature range T 2 to T 3 will not be very different 
from that for T 2 to T 4 \ so deriving y from equations (2) and (3), calculate the value 
of T 4 from relation ( 1 ). Refer this value of T 4 to the i.e. curve, and if the slope of 
the line (4), (3) does not differ greatly from the slope of (2), (3), the tentative 
value of y may be accepted as a reasonable approximation for plotting the 
expansion curve from the relation pv y = c. 


Ex, Standard curve of performance. 

Discuss the standard curve of performance of petrol engines which allows for 
mixture strength dissociation and variable specific heats. 

Tizard, Pye and Ricardo in 1922 worked on behalf of the Asiatic Petroleum 
Company with a view to obtaining a standard efficiency, which, unlike the 
a.S.e., would be approachable, if not, so far as could be seen, an attainable ideal. 

They discovered that for all petrols, one cubic foot of petrol air mixture, in 
which there is no surplus air or petrol after combustion, liberates approximately 
83,500 ft. -lb. of energy per standard cubic foot (s.c.F.).* Hence the energy 
liberated per s.c.F. forms a convenient base on which to plot thermal efficiencies 
for various mixture strengths (see Fig. 316), since provided combustion is perfect 
mixture strength determines the heat liberation per s.c.F. for mixtures on the 
weak side. 


Air -cycle efficiency. 

With a compression ratio of 5 to 1 the a.s.e. 

= 1 — (i)° 4 = 47-5 %. 

* See D. R. Pye, The Internal Combustion Engine (Clarendon Press). 
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This efficiency is independent of the heat liberation, and is shown by line A A, 
Fig. 316. 



tfig. 3 16. 


Derivation of curve of theoretical limit of actual efficiency. 

After first constructing a total energy diagram which allows dissociation and 
variable specific heats, the ideal indicator diagram may be plotted as outlined on 
p. 615. 

Or alternatively, the work done per cycle is the difference in internal energy 
before and after expansion less the work done on compression. 

The thermal efficiency was obtained in this way for three mixture strengths, 
and the curve AB was drawn through the plotted points. 

The curve represents the highest attainable efficiency, having regard to the 
real properties of the *working fluid, when all heat losses are suppressed and 
combustion is complete and instantaneous. 

For a given compression ratio the theoretical limit of thermal efficiency is 
independent of the fuel used, and when no fuel is burnt the air-cycle efficiency is 
attained, since then the conditions upon which the a.s.e. is based are fulfilled. 

Observed efficiencies. 

Ricardo constructed a special engine for these tests, which, by stratifying* 
the charge, so that a readily ignitable mixture was swept over the sparking plug 
points and acted as a torch to the weak mixture, he was able to run with excep- 
tionally weak mixtures. Curve C shows the result of his tests, the kink being 
due to a reduction in volumetric efficiency caused by the induction system. 

Factors affecting the power developed per litre of cylinder capacity. 

The first obvious factors affecting the power developed are the weight and 
calorific value of the charge, and the brake thermal efficiency of the engine. 

The weight of the charge depends upon the following: (a) the valve timing; 
(b) the induction system; (c) the compression ratio; (d) the throttle opening. 

* With a stratified charge, turbulence must be absent initially. This, and the weak 
mixture in contact with the cylinder wall, materially cuts down the heat loss and improves 
the thermal efficiency. 
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(e) The choke size. ( g ) Latent heat of the fuel. 

(/) Air temperature and pressure. ( h ) Engine speed. 

Although the weight of air present in the charge volume of a petrol engine is 
about fourteen times the weight of petrol, yet at sea level, in temperate climates, 
the rapid evaporation of the fuel is sufficient to depress the temperature, in an 
unheated manifold, to about freezing point. In fact, with alcohol as the fuel it 
is not uncommon to see hoar frost on the induction manifold, which is but a few 
inches removed from the red-hot exhaust pipe. 

Further, no great error is introduced by ignoring the small volume occupied by 
the petrol vapour in comparison with the very large volume occupied by the air. 

In an ideal engine, then, it is customary to assume that the swept volume is 
filled with air at n.t.p., and to compare the respiratory performance of an actual 
engine with the ideal by taking the ratio 

Weig ht of air aspirated per stroke 

Weight of air at n.t.p. that could completely fill the swept volume ’ 

This ratio is known as the Volumetric efficiency, and in a petrol engine, of 
reasonable design, it should be of the order 70 to 80 %. The name arises from 
the fact that the ratio may also be expressed in terms of volumes, thus : 

Let w 1 be the actual weight of air drawn in per stroke. 

w 2 be the weight that would fill the swept volume at n.t.p. 

At the aspirated state p t Vj = w 1 ET V 


and 


w„ = 


p 2 x Swept volume 
RT, ' 


By definition 





BT t xp 2 x Swept volume * 


( 1 ) 


But from the characteristic equation for gases 


Pi'h 

21 


TV’s Pa% 


= etc. 


21 21 

Applying this for reducing the aspirated air to n.t.p. conditions, we have 


Volume of aspirated air at n.t.p. 
By (2) in (1), 


V 2 


Pi 21 

P 2 21 


x%. 


( 2 ) 


Volume of aspirated air reduced to n.t.p. 
Swept volume 


% 


Ex. Volumetric efficiency. (Whitworth 1924.) 

Explain the term volumetric efficiency in connection with tests on petrol engines. 
Assuming a volumetric efficiency of 75 %, estimate the probable I.H.P. of a four- , 
cylinder petrol engine, given the following data: Diameter of cylinder, 7-25 in.; Stroke, 
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8*5 in.;r.p.m., 1000 ; Ratio, weight of air to weight of petrol, 16 to 1 ; Engine works on the 
four-stroke cycle; Net calorific value of the fuel, 10,500 c.H.u.; Thermal efficiency, 31 %. 

Swept volume == 7rx ^ ^5 x 8 5 


4x144 x 12 
Charge volume = 0*75 x 0*203 
1 lb. of air at n.t.p. displaces 12*39 cu. ft. 

Weight of air per stroke = ~ 

12*3 9 

Weight of petrol per stroke = 

Heat converted into work per Stroke 

_ 0*000769 10,500 x 31 

“ 100 

25*0 1000 , ^ 

i.h.p. = OO An A x — H x 4 x 1400 = 213. 

oOjUUU 2 


351 cu. in. = 0*203 cu. ft. 
= 0*1522. 


= 0*0123 lb. 

= 0*000769 lb. 

= 25*0 c.h.ij. 


Ex. Indicated thermal efficiency. Volumetric efficiency. Air standard efficiency. 

(B.Sc. 1936.) 

A nine-cylinder petrol engine of bore 5J in. and 1\ in. stroke has a compression ratio 
of 5*8 to 1 and develops 460 b.h.p. at 2000 r.p.m. when running on a mixture 20 % rich. 
The fuel used has a calorific value of 11,200 c.u.u. per lb. and contains 85*3 % C and 
14*7 % H. Assuming a volumetric efficiency of 70 % at 15° C. and a mechanical efficiency 
of 90 %, find the indicated thermal efficiency of the engine. 

With what standard of performance would you compare this efficiency? Give your 
reasons. Air contains 23*3 % by weight of oxygen. 

Indicated thermal efficiency 

Heat equivalent of i.h.p. in c.H.ir. per min. 

“ Poundsof fuel per minute to develop this i.h.p. x Calorific value in c.h.ij. 

Heat equivalent of i.h.p. = 8=8 12,040 c.h.ij. 


The fuel consumption must be deduced from the air consumption, and the air required 
per lb. of fuel for a chemically correct mixture, thus: 

Volumetric efficiency on the definition apparently adopted in the question 

Volume of combustible aspirated per stroke at 15° C. 

^ Swept volume 


n x 5*75 2 7*5 9x2000 inin 

x = 1010. 


Swept volume in cu. ft. per min. = j x ~ 2 

Specific volume of air at 15° C. = ^ j 12*39 == 13*06 cu. ft. 

, , . . 1010x0*7 , 1K 

/. Charge weight of air per mm. = — 13^06 ~ ~ lb. 
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For a chemically corrected mixture 

C + 0 2 = CO a 2H a + 0 2 = 2H 2 0 

12 32 44 1 8 9 

Pounds of air per lb. of fuel for a chemically correct mixture 

-»3[il X °' 863 + 8><0 ' U7 ] ! “ 14 ' 8 - 

54-1 

Minimum fuel per min. = = 3-655 lb. 

12.040 

Indicated thermal efficiency = „ -- — ~~ — = 24-5%. 

J 3 655 x 1*2 x 11,200 

Compare the performance of the engine with the air standard efficiency, since this 
is the simplest comparison and a very good engine may approach this performance. 

The process of combustion in a closed vessel. 

If we consider that the combustion chamber approaches the ideal spherical form, 
that the mixture is homogeneous and quiescent, and that ignition is by a centrally 
placed spark, the sequence of events after the passage of the spark is as follows: 

At first there is no luminescence or rise in pressure or temperature* ; this con- 
stitutes the delay period, in which a chain of chemical reaction is taking place, 
and which ultimately gives rise to a burst of flame that moves radially from the 
sparking plug, thereby causing a rapid local increase in temperature as the flame 
travels forward. 

This burst of flame causes a rapid rise in temperature at the plug, and as more 
and more combustible mixture is consumed the pressure in the vessel rises, causing 
adiabatic compression of the charge with consequent further increase in tem- 
perature of the gas which was first ignited. 

With a comparatively gradual propagation of the flame the pressure will at 
all times be uniform throughout the vessel, but as the combustion rate increases, 
pressure waves will be set up. 

Unlike the pressure in a quiescent charge, the temperature will not be dis- 
tributed uniformly, the hottest gas will be near the sparking plug, whilst the gas 
in contact with the cylinder wall may have a temperature several hundred degrees 
lower than the highest temperature. 

Turbulence. 

If, in an actual petrol engine, the explosive charge was quiescent prior to 
ignition, the time occupied by each explosion would be so great as to make the 
high-speed internal combustion engine impracticable. 

With ever-increasing speeds therefore attention has been directed to thorough 
mixing of the gases with a view to increasing the flame velocity. This mixing is 
known as turbulence, and it is the jagged boundary that turbulence gives to the 
flame front that is responsible for rapid flame propagation. 

* Instantaneous perfect combustion is always invisible, since the products CO a and steam 
are invisible. Visible flame is evidence of incomplete combustion. 
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Turbulence is caused by 

(1) The velocity of the gas through the inlet valve, particularly in the case of 
overhead valve engines. 

(2) By the shape of the cylinder head in the 
case of side valve engines. 

In the most turbulent form of combustion 
chamber for side valve engines it is arranged 
that the ascending piston swirls the explosive 
charge into a hemispherical chamber placed 
immediately above the valves (see Fig. 317). 

In both cases the degree of turbulence is 
roughly proportional to gas speed; and therefore 
to engine speed.* 

Secondary effects of turbulence. 

(1) Prof. Osborne Reynolds showed that heat flow is proportional to the 
velocity of the gas over the boundary surface. Hence turbulence increases the 
heat flow to the cylinder walls and in the limit may extinguish the flame. 

(2) Turbulence accelerates chemical action by intimate mixing of fuel and 
oxygen molecules. Ultimately the rate of pressure rise dpjd( Time) may be so 
great as to cause the crankshaft to spring and the rest of the engine to vibrate 
with high periodicity, thus producing what is known as a Rough engine. With 
a stiff crankshaft roughness is not experienced until dpjdO > 30 lb. per sq. in. per 
degree of crank angle. 

(3) Turbulence allows the angle of ignition advance to be reduced, and there- 
fore weak mixtures — requiring a considerable time for combustion — may be 
burnt more satisfactorily. 

Shock-absorber cylinder head. 

Ricardo introduced this head with the object of obtaining a high rate of pres- 
sure rise without roughness. He reconciled 
these opposing conditions by burning the 
charge in two stages, thus: 

About 15 % of the total charge was isolated 
in chamber A, where it was burnt in a stag- 
nant condition, the bulk of the charge being 
in a highly turbulent state in chamber B . 

After the passage of the spark the pressure 
rose very gradually in A , until the jagged 

* It is very illuminating to remove the cylinder head from a racing engine and motor the 
engine round. At 4000 r.p.m. it will be observed that the motion of the piston is too rapid 
to be discernible. 
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flame front issued from the orifice C and ignited the turbulent charge. This 
charge burnt so rapidly in B that the pressure rise was approximately 50 lb. 
per sq. in, per degree of crankshaft angle. 

No roughness was experienced in spite of burning about 85 % of the total 
charge at this extremely great rate. 

The delay period. 

It has been found that the delay period of approximately 0*0015 sec. is affected 
by: 

(1) Mixture strength. 

(2) Temperature or pressure or both at the time of ignition. 

(3) The proportion of exhaust gas present. 

(4) The fuel. 

(1) Mixture strength.* Mixture strength influences the temperature and 
pressure developed by the chemical reaction, and the rate of burning. Weak 
mixtures like rich mixtures protract the delay period, but to a greater extent. 
With a 10 % rich mixture, we have the greatest flame temperature and a delay 
period of less than 0*0015 sec.; with weak mixtures the delay may be 0*0025 sec. 

(2) Temperature and pressure. Both temperature and pressure increase 
the rate of chemical action — the former through increasing the molecular velocity, 
and the latter through decreasing the distance apart of the molecules. 

(3) Proportion of residuals. The effect of residuals is to separate the fuel 
and the oxygen molecules, and therefore to protract the delay period. Lowering 
the compression ratio, throttling the inlet, or obstructing the exhaust, therefore 
protract the delay period. 

(4) Fuel. Commercial fuels do not appear to affect the delay period. 


Engine speed. 

The delay period is independent of turbulence, and therefore independent of 
engine speed; but speed depends on the delay period, if the maximum explosion 
pressure is to occur about t.d.c. 

Assuming all variables constant except engine speed, doubling the speed 
means that we must double the angle of advance for the maximum pressure to 
be realised at the same point in the stroke. 


The delay period shown on an indicator diagram. 


James Watt invented the indicator with a view to obtaining an automatic 
record of pressure and volume throughout a steam cycle, and from this record 
to compute the work developed in the cylinder. Although for moderate pressures 
and speeds a modified Watt indicator will give a tolerably good record for internal 




* 


Mixture strength = 


Weight of air in charge 
Weight of fuel in charge* 
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combustion engines; yet, in the main, the results cannot be relied upon for estima- 
tion of the horse-power developed. 

The instrument is far more valuable for indicating the events of fhe cycle, 
particularly the process of combustion, rather than giving quantitative results. 

Again, if the Qualitative results are to be of any value, we must facilitate the 
work of the indicator, as far as possible, by correct phasing; whereas for Quanti- 
tative values phasing is not our volition, the diagram must move in step with the 
piston. 

Now at the end of the stroke the piston is momentarily stationary , and so is 
the “In Phase” indicator diagram, and during this period the complicated and 
extremely rapid process of combustion is proceeding, which, on the “In Phase” 
diagram, appears as a straight vertical line. An indicator diagram phased for 
power computations therefore does not show the process of combustion. 



To demonstrate this the indicator card must move with its maximum velocity 
during combustion— a condition which is secured by driving the indicator by a 

crank 90° out of phase with the main crank. 

Examples of “ In Phase ” and “ Out of Phase ” diagrams are given in Fig. 319. 

The rate of flame propagation. 

The rate of flame propagation is affected by the same variables as the delay 
period and in the same way. In addition turbulence, cylinder wall temperature, 
and particularly the shape of the combustion chamber, exercise an influence. 
For the effect of turbulence see p. 620. 

The presence of the relatively cold cylinder wall slows down the combustion 
in the vicinity of the wall considerably, and in this respect it is advantageous to 
position the sparking plug so that the last gas to be burnt is compressed against 
the hot exhaust valve. 
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The influence of combustion chamber shape is to affect the rate of heat dis- 
sipation, so that in the hemispherical form, where the ratio of volume to surface 
area is large, the flame velocity will be high. 

Detonation or “pinking ”. 

At present the amount of power that can be developed in the cylinder of a 
petrol engine is fixed by the liability of a fuel to detonate, i.e. just before the flame 
has completed its course across the combustion chamber the remaining unbumt 
charge fires throughout its mass spontaneously without external assistance. 

The result is a tremendously rapid and local increase in pressure which sets up 
pressure waves that hit the cylinder walls with such violence that the walls emit 
a sound like a “ping”. It is this ping that manifests detonation. 

The region in which detonation occurs is farthest removed from the sparking 
plug, and is named the detonation zone, and even with severe detonation this 
zone is rarely more than one-quarter the clearance volume. 

Process of detonation. 

After the passage of the spark there is a rise of temperature and pressure due 
to the combustion of the fuel ignited, and to a less extent by the upward motion 
of the piston. 

Both temperature and pressure combine to accelerate the velocity of the flame 
front in compressing the unburnt portion of the charge in the detonation zone. 
Ultimately the temperature in this zone reaches such a high value that chemical 
reaction proceeds at a far greater rate than that at which the flame is advancing. 

Hence we have combustion unaccompanied by flame, producing a very high 
rate of pressure rise. 

Theory of detonation. 

The theory, due to Egerton, assumes that chemical action starts from a 
number of centres of high energy where two particularly active fuel and oxygen 
molecules have combined. 

This compound molecule will collide with another molecule with which it will 
react and in this way produce another highly active product. 


Conditions affecting detonation. 

The following conditions are considered as the most important in affecting 
detonation: 

(1) The temperature and pressure at the end of compression. 

(2) The temperature of the combustion chamber wall. 
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(3) The design of the combustion chamber. 

(4) The compression ratio. 

(5) Engine speed. 

(6) Mixture strength. 

(7) Fuel. 

(8) Ignition setting. 

Dealing with each in turn: 

(1) The effect of a high temperature and pressure at the end of compression is 
to elevate the temperature of the detonation zone. 

(2) For the same reason the combustion chamber wall temperature exerts a 
profound influence, as indicated by the liability of air-cooled engines to detonate 
more readily than water-cooled. 

(3) The design of the combustion chamber has a most important effect on the 
liability of an engine to detonate, since this controls: 

(a) The position of the sparking plug. 

(b) The position of the exhaust valve. 

(c) The position of pockets in which unburnt gas may bo trapped. 

Dealing with each in turn, the position of the plug determines the distance that 
the flame has to travel before reaching the detonation zone, and this in turn 
fixes the time that is available for the preliminary reactions to take place in the 
detonating charge, these preliminary reactions involving a delay period as in a 
Diesel engine. 

The greater the travel of the flame, then, the greater the liability to detonation. 

In the best form of cylinder head the sparking plug is placed centrally, but this 
involves the use of either twin camshafts or sleeve valves. 

With such a compact arrangement in a hemispherical head there is a reduction 
in the rate of heat transfer, and therefore a liability to detonate on this account, 
but this is masked by the reduction in the time available for the delay period 
in the detonation zone, which does not commence until after the flame front has 
advanced a fair distance from the plug. 

Small-bore cylinders and multiple plugs allow a higher compression ratio to 
be used without detonation, and can be run at higher speeds. Low-speed engines 
cannot stand the same compression ratio as high speed engines, because there 
is more time available for the detonating delay period. 

The presence of the hot exhaust valve in the detonation zone will promote 
detonation. 

For this reason the plug should be placed near the exhaust valve, so that 
the last portion of the charge to be burnt is compressed against a cool surface. 

On the other hand the rate of flame propagation is accelerated by compressing 
the gas against the exhaust valve (see p. 623). 


urtnr 


40 
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Any pocket in which unburnt gas may collect should be avoided. For this 
reason overhead valve engines are at an advantage over side valve unless a 
Ricardo head is fitted (see Fig. 318). 

(4) Although temperature is mainly responsible for detonation, yet in an 
internal combustion engine one cannot isolate temperature from pressure, and 
since pressure is the more readily measurable quantity it was thought, at one 
time, that detonation depended mainly on the highest compression pressure. 

Actually detonation does not depend on the compression ratio in that it in- 
fluences compression pressure, but because it controls the amount of residual 
gas present in the explosive mixture, and thereby the rate of chemical action, 
and the flame temperature (see p. 622). By supplying exhaust gas through the 
carburettor a detonating engine will cease to detonate. In the same way partly 
. closing the throttle will increase the supply of dilutents and arrest detonation. 

(6) Since turbulence decides the rate of flame propagation, it is evident that 
given sufficient turbulence in a small combustion chamber, the flame may pass 
across the chamber before the preliminary reactions in the detonating zone have 
had time to be completed. In such circumstances, although detonation is absent, 

• the engine may be very rough. 

(6) Mixture strength affects the delay period and the rate of flame propagation, 
and since both these exercise a fundamental influence on detonation, variation 
in mixture strength is bound to affect detonation also. 

The tendency to detonate is greatest with a mixture 20 % rich. By enriching 
Jie mixture the flame temperature is reduced more rapidly than by weakening; 
hence in motor racing and for assisting aeroplanes to “take off” rich mixtures 
are used for short periods. 

A rich mixture also increases the charge weight and keeps the valve and 
piston temperatures down, but is responsible for rapid cylinder wear. 

(7) Detonation to a large extent depends upon the fuel employed; any fuel rich 
in paraffin is liable to it. On the other hand, coal tar products known as Aromatics 
(because of their aroma) are anti-detonators. Examples of these are benzene, 
toluene, xylene. Alcohol if free from water is probably the best fuel of all. 

Unfortunately both alcohol and benzol have lower calorific values than petrol; 
hence fuel consumption is increased by their use. 

Further objections to alcohol are that it is difficult to blend with petrol, 
especially in the presence of water. It attacks metals, particularly aluminium 
alloys, and is difficult to store through being unstable. 

Dopes. 

Midgely and Boyd found that the addition of small quantities of tetra-ethyl 
of lead (T.B.L. = Pb(C 2 H 5 ) 4 ), when mixed with ethylene dibromide to form a 
fluid, will suppress detonation even when high compression ratios are employed. 
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On© part of this ethyl fluid to 900 parts of petrol is equivalent in its anti-knock 
tendency to an addition of about 30 % by volume of benzol, but high lead con- 
centrations attack the exhaust valves in a very erratic manner. 

The effectiveness of dope, however, decreases with the volume employed, 
whereas benzol is equally effective at all concentrations. 

M6st of the dope volatilises and passes out of the exhaust, so that lead deposi- 
tions in the cylinder are not serious. 

|t The action of dope is considered due to the stability of lead peroxide, Pb0 2 , 
which requires considerable energy to split it up, and therefore less energy is 
available to continue the rapid combustion* 

After reduction to PbO this oxide is at liberty to take up another oxygen 
molecule, in w r hich form it can again break down another reaction chain. Ulti- 
mately then Pb(C 2 H 5 ) 4 leaves the engine as PbO, Pb0 2 , Pb. 

Secondary effect of detonation. 

The violent pressure waves initiated by detonation cause the burning gases 
to rush over the combustion chamber walls, and thereby increase the rate of 
heat transmission to the wall. This may cause local over-heating, especially of 
the sparking plug, which may reach a temperature high enough to ignite the 
charge before the passage of spark; hence we have pre -ignition. 

On the other hand, it is possible for pre-ignition to precede detonation should 
anything be present in the cylinder at a sufficiently high temperature to ignite 
the mixture. 

Knock rating. 

The tendency of a fuel to detonate is measured by its knock rating, anti- 
detonators having a high knock rating. In early tests, Ricardo s variable com- 
pression engine was employed to determine the knock rating, the compression 
being raised until audible pinking occurred. The compression at which this 
occurred was known as the Highest useful compression ratio (h.u.c.r). 

Prom what has been said about detonation it is obvious that the results 
obtained depend upon the engine used for the test. 

The modern method of testing fuels for knock rating is therefore to match the 
fuel under test against a standard one prepared from two fuels, one (iso-octane) 
of high anti-knock rating, the other (heptane) of low rating.* 

The proportions of these pure spirits are prepared to produce detonation under 
the same conditions as the fuel under test, and the percentage of octane in this 

# Both heptane and octane are of the paraffin series C n H 2n+ 2 » 

“Hept” is from the Greek meaning 7, whence heptane =C 7 H 16 . 

“Oot M is from Latin meaning 8, whence octane = C 8 H 18 . . 

A normal octane has the carbon atoms arranged in a straight chain, whilst iso -octane is 
a branched chain and has a lower boiling point. 
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mixture is said to be the octane number or anti-knock measure of the fuel. Thus 
with 65 % octane the knock rating is 65, pure octane being 100, although fuels 
are available with octane numbers in excess of 100. 

To reduce the expense of octane and heptane during actual tests, sub-standards 
using ethyl are often employed. 

The mixture strength is adjusted to the value which gives the most severe 
detonation — at about 5 % rich — and by trial and error a mixture is found which 
knocks as readily as the fuel on test. 

For repeatable results, jacket and intake temperatures must be maintained 
constant. 

Effect of mixture strength on thermal efficiency. 

(1) Reason for increase in thermal efficiency with weak mixtures. 

The improvement in efficiency that attends weakening the mixture is due to the 
decrease in flame temperature on account of the larger proportion of air to fuel. 
This decrease in temperature involves a 
reduction in the mean volumetric heat 
and therefore a greater relative tem- 
perature rise for a given heat input. 

Smaller maximum temperature means 
smaller heat loss to the cylinder walls, 
and little or no dissociation ; hence the 
thermal efficiency of engines operating 
on weak mixtures approaches that of 
the air standard. 

(2) The limiting mixture strength. In the interests of fuel economy we 
are vitally concerned with the weakest mixture that may be used without burning 
the valves, erratic running or popping in the carburettor (for definition see 
below). 

When dealing w r ith the process of combustion it was shown that after the 
passage of a spark nothing visible happens at first, and then, with the right 
mixture strength, a flame burst forth. 

Now one can imagine the fuel molecules being so scarce and so widely separated 
by inert nitrogen that their combined efforts will not be able to cope with the 
rate at which heat is being lost to the cylinder walls, and as a result the flame 
will die of cold during the hatching period. 

If this hypothesis is correct, the hotter the engine cylinder the less the rate of 
heat transmission from the gas to the cylinder, and therefore the weaker the 
mixture that may be burnt effectively. This is correct, air-cooled engines will run 
on the weakest ignitable mixture, whilst the same mixture in water-cooled engines 
would bum so slowly that combustion would still be proceeding when the inlet 
valve opened, and as a result the explosive mixture in the induction system 


A.S.E. 



Actual Thermal 
Efficiency 


-Chemically Correct 
Mixture Strength 


Weak •< — Mixture Strength — >-Rich 
son 
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would be ignited, resulting in what is known as Popping back in the 
carburettor. 

When flames are popping out of the carburettor an explosive charge cannot 
be passing into the engine; so that the engine will come to rest unless the popping 
can be prevented by further advance in the ignition setting or by enriching the 
mixture. 

(3) Engines which run on weak mixtures. Most engines fail to operate 
on a mixture more than 15% weak, but by stratification it can be arranged 
that a rich mixture which surrounds the plug is itself surrounded by a weak 
mixture. The rich mixture is readily ignitable and acts as a torch to the weak. 
Stratification is most readily obtained by using sleeve valves fitted with tan- 
gential ports that produce an organised swirl sufficiently vigorous to persist 
throughout the compression stroke. During the induction a rich mixture is first 
supplied so as to sweep over the plug points, and this is followed by the weak 
mixture. The temperature and turbulence created by the burning of the rich 
mixture being sufficient to ignite the weak. 

Without stratification only engines of excellent capacity for disposing of heat 
may be relied on to work with weak mixtures without danger to the exhaust 
valves and possibly the pistons, although piston trouble is only likely to occur 
with air-cooled engines. 


Ex. Mixture strength in petrol engine. (B.Se. 1930.) 

The percentage analysis by weight of a certain petrol is C, 83*2; H, 14*3; O, 2*5. 
Calculate the mixture strength theoretically required for complete combustion of this 
fuel. 

A series of trials were run on a petrol engine at full throttle and constant speed, the 
quantity of fuel supplied to the engine being varied by means of an adjustable needle 
valve fitted to the jet of the carburettor. The results obtained were as follows: 


Speed 

Brake torque, lb. per ft. 
Fuel, lb. per min. 

Air, lb. per min. 


: 1570 

1570 

1572 

1587 

1509 

J 572 

1503 

1500 

1572 | 

I 90*5 

94*0 

96-8 

99-0 

101-0 

102*0 

104-2 

105-1 

104*0 i 

! 0*213 

0*221 

0*227 

0-237 

0*243 

0*25 

0-20 

0-272 

0-285 i 

i 3*45 

3*45 

3*45 

3-40 1 

3*44 

3*45 

3-44 

3-44 

3-45 | 

1 . .. i 


Calorific value of fuel, 10,720 c.h.u. per lb. Find the, mixture strengths for maximum 
b.h.p. and maximum thermal efficiency. 

Oxygen required per lb. of petrol 

= 0-832x^ + 0-143 x 8-0-025 = 3-338 lb. 

100 

Air required per lb. of petrol = 3*338 x ” 14*33 lb. 


B.H.P. 


Mixture strength = 14*33 to 1. 


2 nxNxT 
33,000 


2 TT 

337)00 X 


TxN 


TN 

5250* 



630 


Internal Combustion Engines 


Thermal efficiency on b.h.p. basis = 


b.h.p. x 33,000 x 100 
1400 x Fuel per min. x 10,720 


b.h .p. 

4-55 x Fuel per min. * 


Test number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

B.H.P. 

27-1 

28-3 

29*0 

29-92 

30-32 

30-72 

310 

31-25 

31-77 

Thermal efficiency % 

28-0 

28-18 

28-10 

27-78 

27-4 

27-0 

26-2 

25-24 

24-0 

Mixture strength 

16*2 

15-6 

15-2 

14-6 

14-15 

13-8 

13-24 

12-65 

12-2 


Plotting these values on a mixture strength base gives 


12-6 to 1 and 15-7 to 1. 



Ex. Petrol engine on weak mixture. (B.Sc. (External) 1932.) 

Sketch typical indicator diagrams for very weak mixtures, for mixtures giving 
maximum output, and for very strong mixtures, assuming that the ignition advance is 
constant. 

A four-cylinder automobile engine of 3*5 in. bore and 4-5 in. stroke was tested at 
constant speed over the complete practical range of mixture strength. The speed, the 
brake loads, and the fuel consumption were as follows: 


Test number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Brake load 

38-2 

38-3 

38-4 

38-5 

38-5 

38-5 

37-9 

36-0 

33*2 


1610 



1512 

1510 ! 

1510 


1493 

J513 


24-2 

23-8 

23*2 

22-8 

22-0 i 

21-4 


18-8 

17*8 


The brake arm was 3 ft. long. 

Plot fuel consumption in lb. per b.h.p. hr. on a base of brake m.e.f. and discuss fully 
the form of the resulting curve. 
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If the engine is to develop maximum power the mixture strength should be about 
15 % richer than the chemically correct mixture, and the ignition should be advanced 
so that the peak pressure is developed at about 12° past 
the top dead centre. 

The effect of weakening or enriching the mixture is 
to protract the time of combustion, and if the ignition 
is not advanced, so that the peak pressure is developed 
just over t.d.c., then combustion will proceed during 
the expansion stroke and there will be no marked peak 
owing to the rapid change of volume as the piston is 
accelerated on the outstroke. 

A rich mixture is less sensitive to changes in the 
ignition setting than a weak mixture, and the power is 
maintained more constant; so that the indicator dia- 
gram shown in Fig. 322 results. 

A weak mixture takes longer to burn than a rich 
mixture, and the reduction in fuel reduces the power developed; hence the area of the 
indicator diagram is less than for a normal mixture. A considerable increase in ignition 
advance will make the rich mixture diagram almost coincident with the normal, but in 
the case of a weak mixture the peak pressure will be much less. 
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-1 

110 


B.H.P. 


B.H.P. 


2 nN x Torque lb. ft. _ Nx Torqu e lb. ft. 
33^000 ~ 5255 

(b.m.b.p.) x LAN ["Nu mber of cylinders! 
33,000 L 2 _T 


( 1 ) 
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B.U.E.P. = 


33,000 x b.h.p. 

4-5 ttx3-5 2 _ AT 

I2 X_ 4 ~ x2 * N 


= 4572 


B.H.P. 


By (1) in (2), 


B.M.E.P. = 


4572 x Torque Torque lb. ft. 


5255 

Computations 


1 148 


( 2 ) 

(3) 


Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Torque 

114-6 

114*8 

115*2 

115*3 

115*3 

115*3 

113*7 

1080 

99*6 

B.M.E.P. 

1000 

100*0 

100*3 

100*3 

100*3 

100*3 

99*1 

99*1 

86-7 

B.H.P. 

32*93 

32*75 

33*08 

33*09 

33*09 

33*09 j 

32*66 

! 30*7 I 

28*66 

Fuel, lb. b.h.p. hr. 

0*735 

0*727 

0*701 

0-G89 

0*605 

0*647 

0*6185 

0*613 ! 

0*621 


Explanation of the fuel consumption loop. 

A petrol engine, in reasonable condition, should have a specific fuel consump- 
tion of about half a pound per b.h.p. hour; in this particular case it exceeds 0*6, 
and for tests 1 to 6, i.e. the portion A B of the curve, the specific fuel consumption 
is considerably in excess of 0*6 without producing any increase in b.m.e.p. The 
reason for this is that possibly all the air is consumed and surplus fuel wasted. 

The slight improvement in b.m.e.p. that attends mixtures up to 15 % rich is 
due mainly to the improved volumetric efficiency that attends a reduction in 
intake temperature in consequence of the larger quantity of petrol evaporated. 

From B to C the mixture strength is weakened with a reduction in b.m.e.p., 
but no appreciable increase in specific fuel consumption for the reasons given on 
p. 628. Beyond about 15 % weak it is not possible to burn the mixture in an 
engine of normal design, so the curve ABC would rise rapidly from C, even with 
the ignition very advanced. 

Ex. Fuel consumption loops. (B.Sc. 1939.) 

Describe, with the aid of a curve showing the variation of fuel consumption per horse- 
power per hour with mean effective pressure, how the combustion in a petrol engine is 
affected by variations in mixture strength, with constant throttle opening. 

Also sketch on the same diagram other curves for different settings of the throttle; 
and hence derive a curve showing the variation of fuel consumption with brake mean 
effective pressure, with variable throttle, the carburettor being set for maximum output. 

For a description of a single fuel consumption loop see the previous example. 

Comparing the loop of a multi- cylinder engine with that obtained for a single-cylinder 
engine it will be seen that there is hardly a straight portion, so that the air-fuel range 
is very restricted if economy is aimed at. This is due to the poor distribution of the 
fuel in the engine manifold. 

Closing the throttle reduces the power developed and the charge weight of explosive 
mixture, and increases the proportion of residuals. The effect is to retard combustion, 
and, to maintain reasonable thermal efficiency and a cool engine, the ignition must be 
advanced as the throttle is closed. 
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Even with advanced ignition, weakening the mixture, as indicated by a reduction 
in b.m.e.p., causes a rapid increase in specific fuel consumption because of imperfect 
combustion, particularly at small throttle openings where the proportion of residuals 
exhaust gas is high* 

When the throttle and mixture strength are arranged for maximum power the 
B.M.E.P. is a maximum. This value may be obtained by drawing vertical tangents to 
the consumption loops. A free curve through the tangent points connects the b.m.e.p. 
and brake specific fuel consumption for maximum power, whilst the throttle opening 
is indicated, to some scale, by the b.m.e.p. 



Ex. Calorific value of air. Air thermal efficiency of internal 

In reckoning the thermal efficiency of an internal combustion engine from the air 
consumption, what is meant by the calorific value of 1 lb. of air? 

Calculate the thermal efficiency of a petrol engine which developed 3- i.h.p. using 
196 lb. per hr. of air. The liquid fuel may be assumed heptane, C 7 H 16 , and the fuel/air 

ratio assumed to have been correct. .„ , _ in nnn n T r 

The effective heating value of heptane lower calorific value - H),77 .j t.H.u. 

Whena petrol engine works on rich mixtures the thermal efficiency of the engine 
(when reckoned on the fuel consumption) progressively falls with an increase of richness, 

because insufficient air is present to burn the whole of the fuel supplied. 

Now richness is not due to the combustion chamber, but to imperfect carburation, 
or (in the case of multi-cylindered engines) to a combination of imperfect carbura 10 

^With^view^to detaching the performance of the combustion chamber from the 
ta^LtiZ of di.trib.Mon, RicLo compute! the thermal efficiency from the am 

* s G Davies, “An experimental investigation into induction conditions distribution 
and turbulence in petrol ezines”, Proc. In*. Mech. Eng. vol. exx, p. 3. 
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The following results were obtained from a set of trials at full throttle on a single- 
cylinder four-stroke petrol engine of 4*5 in. bore and 8*0 in. stroke, in which the speed 
was kept constant at 1500 r.p.m. and the compression ratio varied. Calorific value of 
fuel 10,800 c.h.tj. per lb. 

Plot curves of i.M.E.r.and thermal efficiency on a compression ratio base, and calculate 
the air standard efficiency for any one compression ratio. 

Compression ratio 3-8 4*2 4*6 5 0 5*4 | 5*8 

Fuel per minute, lb. 0-249 0*248 0-247 0-246 0*245 I 0-245 

Brake torque, lb. per ft. 82-5 88*2 93*3 97*2 100-1 j 102*6 

Frictionandpumpingtorque,lb.perft.! 12-5 12-8 13*2 13*5 13' 9 14*2 


Computations 


Torque equivalent of i.h.p. 

95*0 

101*0 

106*5 

110*7 

114*0 

116*8 

i.m.e.p. 

112-5 

120*0 

126-5 

131-5 

135*2 

140*5 

Indicated thermal efficiency 

23-7 

25*4 

26-8 

27-5 

29*0 

29*7 



3*8 4-2 4-6 5*0 5-4 5*8 

Compression Ratio 

Fig. 326. 


2nx 1500 T , 

i.H.r. = - - - - x Indicated torque 

t>o,UUU 


Indicated torque lb. ft. 

~3 t 5 ‘ 


PLAN 33,000 x i.h.p. .. , 

IH P - = 337*00 • * • I M E P - = — nx - E ffl " 1500 = 1-185 indlCated tor <l ue - 

12 X 4 * 2 

Indicated thermal efficiency 

X.H.P. x 33,000 x 100 _ Indicated torque 

Fuel, lb. per min. 1400 x 10,800 - 1-602 x Fuel, lb. per min. * 
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Dissipation of heat from a petrol engine. 

Heat to the extent of about 60 % of the b.h.p. developed must be dissipated 
through the cylinder walls, and in general this is effected by one of three methods: 

air cooling, water cooling, and evaporative cooling. 

(1) Air cooling. In this method the cylinder is finned, particularly heavily 
near the exhaust, with the object of providing additional surface to compensate 
for the poor conductive properties of air. Even finned cylinders run considerably 
hotter than water-cooled cylinders, and their restricted surface requires a 
higher air speed than in the case of a water-cooled engine with a honeycomb 
radiator. 

The lightness and simplicity of air-cooled cylinders commend them for light 
duty on motor cycles or high-speed aeroplanes, where the provision of suitable 
cowling causes the direct air-cooled system to impose a smaller drag on the 
machine than a honeycomb radiator. 

Where a large amount of heat has to be dissipated it is not uncommon to find 
that the finned cylinder heads are made of aluminium bronze, which is thickened 
in the region of the exhaust valve, sparking plug, and detonating zone, and a 
cxirrent of air is so directed as to impinge on these areas. 

The high engine temperature reduces the volumetric efficiency of an air-cooled 
engine, and also the compression ratio that may be employed, unless special 
fuel is used, but it has the compensating advantage that the engine will run on 
weaker mixtures. 

(2) Water cooling. The superior conductive and convective properties of 
water enable the fins on an air-cooled engine to be replaced by a cast or pressed 
water jacket, and although this results in a reduction in surface available for 
heat dissipation, yet the engine runs cooler than an air-cooled engine. 

On aeroplanes and motor cars, of course, the heat must eventually be removed 
by air, but this is conveniently effected by a radiator, the surface of which, unlike 
that of the cylinder, may be adjusted to suit the air velocity and the desired rate 
of heat dissipation. 

The provision of a radiator of course imposes extra air resistance on the vehicle, 
so that in the case of high-speed aeroplanes the fuselage and wings are often 
used to dissipate heat. 

The maximum allowable temperature in a radiator is 3° C. below boiling point, 
and the suitability of a radiator is defined as the ratio of the greatest permissible 
temperature difference to the observed temperature difference. 

Short tube radiators, inclined in the same way as the dummy radiators of 
modern cars, provide the most effective heat dissipation for a given surface area. 

(3) Evaporative cooling. Advantage may be taken of the high latent heat of 
water by allowing it to evaporate in the cylinder jackets. If the steam formed is 
at a pressure above atmospheric, the temperature will be considerably above the 
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permissible temperature in the radiator of a water-cooled engine, and therefore 
the surface required for condensing the steam is less than that required in the 
conventional radiator, and the weight of water in circulation need only be about 
40 % of that normally employed. 

The leakage of steam from a punctured radiator is less serious than that of 
water, and by separating the jackets, which are virtually steam boilers, from the 
condenser, the engine retains its heat longer when the power is cut off. These two 
qualities are advantageous on aircraft, but of course, although the higher cylinder 
wall temperature reduces piston friction, yet it also reduces the volumetric 
efficiency of the engine, and makes it more liable to detonation. 

The use of glycerine, or ethylene glycol, permits of a higher boiling point than 
with water and a lower freezing point, the pressures being atmospheric. Hence 
a smaller radiator may be employed, and the power to circulate these fluids is 
less than with water. This, combined with the reduced drag on the radiator, 
may offset the reduction in power consequent on the reduced volumetric efficiency 
of the engine. 

Supercharging petrol engines. 

For racing, petrol engines are classified according to their capacity, and years 
ago it occurred to racing men that, by artificially raising the barometric pressure, 
they could develop more power from an engine of given capacity, and that falling 
off of power with speed could be partly avoided by placing a blower in series 
with the carburettor. 

The greater amount of turbulence, and better mixing of the fuel and air, allow 
the engine to run more smoothly. The oil from the supercharger reduces cylinder 
wear, and the blower acts as an efficient air silencer. 

The improved scavenging and higher compression which attend the use of 
blowers, together with the higher intake temperature (in consequence of the 
inefficiency of the blower), tend to induce detonation which imposes a definite 
limit on the degree of boost. 

Only engines which have an excellent capacity for disposing of heat should be 
considered as suitable for supercharging. The pistons should be thick in the region 
of the rings, and sometimes it is desirable to hollow out the exhaust valve and 
sometimes the inlet valve, and fill them with sodium, which, by evaporation, 
removes heat from the valve head and transfers it to the stem. 

A mechanically driven supercharger is likely to set up torsional oscillations in 
the crankshaft, whilst exhaust turbine blowers cannot work successfully with 
gas temperatures in excess of 1000° F., nor can they give the boost until they 
have received a gulp of exhaust gas. In spite of the disadvantages mechanically 
driven superchargers are fitted on more and more aeroplanes, especially military 
machines which have to operate at a high “ceiling”. 

On aircraft the turbo compressor is universally employed, in spite of its very 
high speed. 
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Rapid variations in speed on road vehicles restrict the blower to the vane or 
Root’s type, which is a specialised form of gear pump. 

With both types, mechanical clearances are small, therefore workmanship 
must be excellent. 

A difficulty also arises from the range of speed and load, which might be 5 to 1. 
At small loads air or power must be wasted. 
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EXAMPLES 

1. Royal Automobile Club rating. 

What is the bore of a four-cylinder Morris Oxford engine if the R.A.C. rating is 
13*9 h.p* An s. 75 mm. 

(B.Se. Part I, 1939.) 

2* Describe, with the help of a sketch, a two-stroke petrol engine. Sketch the indicator 
diagram of such an engine, and discuss the advantages and disadvantages of the four- 
stroke cycle of operations. 

3, Ideal explosion pressure. 

A petrol engine receives a charge, 15 of air to 1 of petrol by weight, at 15 lb. per sq. in. 
and 65° C. at the end of the suction stroke. The compression ratio is 6 to 1 and the index 
of compression 1*3. 

If the calorific value of the fuel is 10,600 c.H.u. per lb., and the specific heat of the 
products, at constant volume, is given by 

C v = 0*172 + 12 x 10“ 9 T, 

where T is the absolute temperature of the products in degrees Centigrade, determine 
the ideal explosion pressure. 

4. Obtain an expression for the air standard efficiency of an engine .working on the 
Otto cycle in terms of the compression ratio r, and y the ratio of the specific heat of air. 

Use this expression to determine which is the more economical petrol to employ; that 
costing Is. 3d. per gallon which will permit a compression ratio of 5 to 1 without detona- 
tion, or that costing Is. Id. which will permit a compression ratio of 7-5 to 1 under the 
same conditions. The calorific value of both petrols may be taken as the same. 

If the coefficient of volumetric expansion of petrol is 0-00124 per 0 C., and between 
summer and winter the temperature of the fuel changes by 20° C., show that in summer 
fuel costs, reckoned on a mass basis, are increased by almost 2 £ %. 

Ana. The cheaper. 
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5. Motor car on coal gas. 

It is proposed to run a l\ litre four-cylinder motor car engine on coal gas by the 
provision of a cylindrical container 2 ft. diameter by 3 ft. long. The container is to 
be charged by two of the engine cylinders, the compression ratio of which is 5 to 1, and 
the law of compression pv 1,3 = c. 

If the initial temperature of the gas is 15° C., and after entering the container is 
100° C., the initial pressure is 15 lb. per sq. in., and the calorific value of the gas is 
500 B.T.u. per cu. ft., when free, determine the distance which the car will run on a 
charge of coal gas, if, using petrol having a calorific value of 19,000 b.t.u. per lb., 
and specific gravity 0*74, it will run 30 miles on one gallon. 

You may assume the same thermal efficiency for gas and petrol. What would be 
the most effective change to make on the engine to improve this performance? 

A ns, 6-28 miles; increase the compression ratio. 

6. Volumetric efficiency. 

Show why the volumetric efficiency of a petrol engine is reckoned on the charge being 
in the n.t.p. condition. How should it be obtained for a high-speed engine so that the 
effect of throttle opening may be observed ? 

7. In what way does the volumetric efficiency of an engine limit its output, and what 
steps are taken with high performance engines to improve this efficiency? 

8. Determine the volumetric efficiency of a four-cylinder four-stroke petrol engine 
76 mm. bore, 102 mm. stroke, if, at 3000 r.p.m., it consumed 6 lb. of air per min. 

Ana. 76-1%. 

9. Combustion of fuels in internal combustion engines. (B.Sc. 1932.) 

Write a short essa3 r on either The process of combustion in petrol engines, especially 
as regards tho conditions governing the liability of various fuels to detonation, or 
The process of combustion in airless injection engines burning heavy oil, giving the 
chief differences between the characteristics of these engines and those of petrol engines. 

10. Detonation. (B.Sc. 1931.) 

What do you understand by detonation in an internal combustion engine? 

Write a short note on the limitations which detonation imposes on efficiency and 
mention modern methods in use for preventing detonation. 

11. Dope. (B.Sc. 1939.) 

Discuss the effect of the addition of (a) octane, ( b ) cetane, to a liquid fuel upon the 

nature of the process of combustion in an engine, illustrating your remarks by means 
of cylinder pressure diagrams. 

Explain how these effects are utilised in the classification of liquid fuels for engines. 

(B.Sc. 1940.) 

12. What do you understand about the terms “pre-ignition" 5 and “ detonation ”? 
Sketch indicator diagrams to illustrate their effect. 

Discuss briefly the factors which influence the tendency of an engine to detonate. 
What theory is generally accepted to account for the effectiveness of certain sub- 
stances as suppressors of detonation ? 
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13. In what type of internal combustion engine is turbulence most desirable, and wliat 
secondary effects are produced bv it? Sketch a type of cylinder head which is designed 
to control the degree of turbulence, and one of the secondary effects. 

What is meant by the delay period, and what are the factors which influence this in 
a petrol engine? 

14. Show that the design of the cylinder head and the constitution of the fuel have a 
marked effect on the maximum power that may be developed by a petrol engine of 
given capacity. 

15. What is meant by “doped ” petrol, and how is the effectiveness of dope measured ? 
To what is the action of a dope considered duo ? 


16. Variable specific heat and dissociation. (If. Sc. (External) 1932.) 

Show that the efficiency of an engine working on the Otto cycle with “standard air” 
is 1 — (llr)y- 1 . j 

What assumptions are made in deriving this expression, and what are its drawbacks 
as an ideal standard of performance? 

Recent work has produced, for “carburettor” engines, a standard curve of per- 
formance in which mixture strength, dissociation, and variable specific heat are taken 
into account. Discuss the reasoning upon which this curve is based. 


17. Effect of variable specific heats and dissociation pv diagram. (B. Sc. 1935.) 

Derive an expression for the thermal efficiency of an engine working on the Otto cycle 
using * ‘ standard air ’ \ 

State the assumptions involved in this “air standard cycle”. 

Show, by sketches, how the pressure volume diagram of this cycle is modified (ci) by 
variation of the specific heats of the gases with temperature, (b) dissociation with re- 
association. . 

Mention other conditions met in actual engines which cause a further modification 

to the indicator diagram. 


18. Petrol engine temperature. (B.&o. 1923.) 

The cylinders of a petrol motor have a stroke and bore 120 and 90 mm. respectively 
and a compression ratio of 4-4. The inlet valve is shut at 0-05 stroke and the temperature 
and pressure of the charge is then 13-5 lb. per sq. in. and 85° C. The exhaust valve opens 
at 0'85 stroke and the pressure at this point is indicated as 51 lb. per sq. in. Assuming 
a molecular contraction of 2 %, find the temperature of the cylinder contents at the 
opening of the exhaust valve, and estimate the heat discharged in the exhaust per 
minute if the motor has four cylinders and is running at 1000 r.p.m. Take a mean specific 
X n.94 Aws. 9970 c - ; 72s O.H.U. above 15° C. 


19. Air standard efficiency and effect of mixture strength on indicator diagrams. 

Prove that the efficiency of an ideal Otto cycle using “standard air” is l-(l/r)r-i 
where r is the ratio of compression and expansion and y the ratio of the specific heats a 
constant pressure and constant volume. 

State the assumptions made in deriving this expression, and discuss their validity. 
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Show, with the aid of sketches, how the indicator diagrams obtained from an engine 
working on this cycle with fixed ignition are modified as the air to fuel ratio is increased. 
Discuss these changes in the form of diagrams. 


20. Calorific value of air. (B.Sc. 1940.) 

Explain the term “calorific value of air ,, > and find this value when air is burnt 
with octane, C 8 H 18 , given that the lower calorific value of octane is 10,740 O.H.U. 
per lb. 

At a certain compression ratio and at correct mixture strength, the ideal thermal 
efficiency of a four-cycle petrol engine is 40% and the relative efficiency is 86%. 
Assuming a mechanical efficiency of 90 % , and that the volumetric efficiency relative 
to air at n.t.p. is 68 % , estimate the swept volume of a cylinder which will develop 
60 b.h.p. at a speed of 2400 r.p.m. Air contains 21% of oxygen by volume. 

Arts, 705 c.h.u. per lb.; 0*0821 cu. ft. 

21. Aeroplane engines at altitude. (B.Sc. 1929.) 

The power developed by an aircraft engine falls off with altitude. What methods are 
proposed to render this reduction as small as possible? 

Discuss these methods with reference to altitude, reliability and length of flight 
without re-fuelling. 

22. Aeroplane engines. (B.Sc. 1924.) 

A six-cylinder petrol engine 100 mm. diameter and 100 mm. stroke running at 
1500 r.p.m. used a mixture of air to petrol by weight of 13*5 to 1. Assuming that the 
air drawn into the cylinder per stroke and measured at atmospheric pressure and 80° C. 
is equal to J of the swept volume, and that the thermal efficiency of the engine is 22 %, 
find the power developed at ground level where the barometer reads 30 in. Hg, The 
calorific value of petrol = 9000 c.h.tj. per lb. 

What would be the power developed at an altitude of 5000 ft. ? A drop of 1 in. Hg 
may be assumed for each 900 ft. rise in altitude. Ans. 42*4 and 34*5 H.P. 

23. Discuss, from every aspect, the methods in use for cooling aeroplane engines. 

24. Describe the different types of superchargers, and their application to aeroplane 
engines and marine oil engines. Give, with reasons, the best arrangement for a particular 
application. 



Internal Combustion Engines 643 

CARBURETTORS AND CARBU RATION 

The function of a carburettor is to supply to the cylinder a mixture of finely 
divided petrol and air, the proportions of which, by weight, should be invariable, 
regardless of service conditions, barometric pressure or speed. 

In the design of carburettors for automobiles four major difficulties occur: 

(1) For a gradually increasing pressure difference over the jet the weight of 
petrol discharged from a single jet increases at a greater rate than does the air 
supply; hence a carburettor of this type, when set to give a correct mixture at 
low air speeds, will give a progressively rich mixture as the air speed is increased. 

(2) To ensure rapid and complete combustion it is important that the fuel 
should be finely divided, and mixed intimately with the air supply. 

The incidental advantages that attend epmplete atomisation are: 

(а) A low intake temperature results from evaporation of the more volatile 
constituents at the temperature and pressure prevailing in the engine manifold. 

(б) In multi-cylinder engines, supplied from a single carburettor, atomisation 
reduces the inertia of the petrol droplets, and therefore improves the uniformity 
of the mixture supplied to the respective cylinders. 

(3) There is some difficulty in making the operation of a carburettor entirely 
automatic without the introduction of moving or delicate parts that are liable 
to derangement. 

(4) For starting, and accelerating, a rich mixture must be supplied momentarily, 
but the supply should automatically assume correct mixture strength when the 
engine attains the desired speed. 


Approximate theory to account for the enriching of the petrol air mixture 
with increased air speeds. 


Referring to Fig. 327, consider the flow of air past sections (1) and (2), thus: 
By Bernoulli’s theorem, p. 319, 


Pi 2fir p 2 


V\ TJ 

+ Sj +n ” 


( 1 ) 


where H f is the feet head of air lost in friction between sections (1) and (2). 


For continuity of flow 


V 1 AiP 1 — V 2 A 2 p<z 


where A 2 and A 2 are the areas measured normal to V x and V 2 . 

For the small depressions of pressure produced by the choke p 2 —p 2 , and p 1 
will be atmospheric, if the carburettor draws air directly from the atmosphere. 


V - V -*■ 

VI ~ V *A X ' 


( 2 ) 


whence by (2) in (1), 

•v 



Pi- Pi H 
Pi f ' 
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Since section (1) is taken outside the entrance to the choke, A 1 will be great 
compared with A 2 , whence A 2 /A x is approximately zero. 


The friction loss H f with high velocity air varies as F 2 /2 g. 




L ft 


( 3 ) 





[1 -K]* 


Hence (3) becomes 

The mass of air flowing per second is W and 

W = V 2 A 2 C dPl , 

where C d is the coefficient of discharge for the choke. 

By (4) in (5), W = A 2 C d ‘hgp 1 (p l -pj (1 -K). 


Alternatively 


KV* 

2<7 Pt 2g • 


’*■ Vt ^'J 29 ^(l+K)~J 


1 2g (Pi PtH. 1 -g) > 260 fpB> 

Pi 


( 4 ) 

( 5 ) 
( 0 ) 




Internal Combustion Engines 


645 


But 


Pi 

Pi 


= BT X (see p. 10). 


W = A 2 C dJ‘ 2 9-fi^(Pi-p 2 )C-K). (7) 


Petrol being a fluid, in common with air, the same symbols will apply, but 
they will have different numerical values, thus: 

Applying Bernoulli’s theorem to the static level of the petrol and section 2, 


Pi P2 7 7 

= — + a J +h + h f . 
p p 2g ’ 


rp 

1 

< 

I 

ej 

u 1 

II 

• 

• 

(8) 

The mass flowing per second is 

W — P 2^2^/P* 

By (8) in (9), 

(9) 

w = a 2 c d J2gp[^ -h- /qj . 

(10) 

In small jets h f will vary as the velocity, i.e. 


WMV)- 

(11) 


By (11) in (10), 


The air petrol ratio is defined as the Mixture strength and is 


w a 2 c d 


2 ^P J 7 ? - * ■ - k J*g ( 


Removing the constants in this equation, and taking Ap as the pressure differ- 
ence (Pi— p 2 ), 

W _C d 


■ oc- 

W C d 


/ p t Ap(\-K) _ 


.( 12 ) 


In this equation c d , the coefficient of discharge of the jet, is very sensible to 
changes in 

(а) The diameter d of the jet. 

_ . Length of orifice l 

(б) e ratio j)j ame ^ er Q f or ifice d ‘ 
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(c) The amount of chamfering at the jet entrance. 

(d) The viscosity of the fuel. 

(c) The pressure difference over the jet. 

A sharp-edged orifice is the ideal for maintaining c d constant, but it cannot be 
employed for jets, because it would make them difficult to manufacture with 
precision, and very liable to damage in practice. 

Because the compressibility of the air allows it to follow the contour of the 
Venturi, regardless of the entry of fuel or of changes in pressure or temperature, 
the coefficient of discharge C d for air remains fairly oonstant between 0*83 and 0*88 
and compared with a considerable variation in c d of the jet. 

Further, since the differences under the radical in (12) are normally not small,* 
the effect of friction on the ratio will be small compared with the variation in c d . 
For low speeds, however, the effect of friction will be very pronounced, and 

j, a f^P j s Z ero, no petrol will flow. If therefore the jet 


ultimately, when ~—h—A^ ^ 

is to give a discharge at low air speeds it follows from this and variation in c d that 
the discharge will be excessive at high air speeds. 


Practical methods of obtaining constant mixture strength at all air 
speeds. 

(1) Variation in area of the petrol orifice. In this method of control a 
tapered needle is used to partly obstruct the jet, the annular area for the flow of 
petrol being under either manual or automatic control. 

In the S.U. carburettor, illustrated in Fig. 328 by kind permission of the S.U. 
Carburettor Co. Ltd., the needle is attached to’ a piston the dead weight of which 
is overcome by the pressure difference existing across the choke which is formed 
by a cylindrical extension of the piston or suction disc indicated in Fig. 328. 

Any momentary increase in the pressure difference lifts the piston, and thereby 
increases the area for the flow of both petrol and air, whilst the velocity of these 
fluids remains sensibly constant. Because of the change in the shape of the air 
orifice the increase in air flow is not directly proportional to the increase in area, 
and on this account a simple tapered needle cannot be employed to maintain the 
mixture strength constant. 

Lack of concentricity of the needle in the jet has also an influence on the dis- 
charge of petrol. 

The main advantages of this carburettor are: 

(a) Large area for the flow of air at full throttle, and therefore high volumetric 
efficiency of the engine. 


(b) A fairly uniform distribution of petrol because of the suction caused on the 

“lee side ” of the needle. ' ' 

(c) Simplicity and cheapness. *'■ 

(2) The Baverey compound jet system. To prevent excessive richness at 

large throttle openings Baverey used two jets (see Fig. 329). The main jet, which, ,,, 
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in a single jet carburettor would be too small to give a chemically correct mixture 
even at the highest air speeds, and the compensating jet that takes its petrol from 
a well which is supplied by a metering jet, the flow through this jet being produced 
by the static head in the float chamber; hence the discharge rate of this jet is 
approximately constant. 

Now increased air speed, whilst it does not affect the discharge of the metering 
jet, does affect the air flow, and therefore the mixture strength (calculated on the 
discharge from the compensating jet) progressively weakens with increased air 
speed, whilst the mixture strength due to the main jet becomes richer. By a 
correct choice of jet sizes and using submerged jets that are less sensitive to 
changes in C d , it is therefore possible to make the increased air to fuel ratio of the 
compensating jet offset the reduced air to fuel ratio of the main jet over a wide 
range of air speed. 


Diffuser 

Tube 


(3 ) Diffuser or shrouded jets . A limited measure of compensation is afforded 
by surrounding the main jet with three concentric tubes (see Fig. 330). 

The inner tube, known as the diffuser or depres- 
sion tube, is pierced with holes at intervals along 
its length, and these holes communicate with an I 

annular chamber that is itself in communication 
with the atmosphere. 

The emulsion holes are arranged to be near the 
throat of the choke tube (see Fig. 327), so that the 
depression of pressure produced by the choke 
causes a mixture of petrol and air to issue from the 
emulsion holes. 

The more intense the pressure difference the 
lower will the petrol level fall in annulus (2) and 
the greater the aeration of the petrol. 

Aeration, in itself, will not appreciably affect 
the mixture strength, but, by changing the pressure 
difference over the main jet, it will control the 
discharge from this jet and therefore effect com- 
pensation in this way. 

Atomisation of the fuel. In most carburettors 
the velocity of the air is relied upon to produce the 
desired degree of atomisation, but, in carburettors 
fitted with a choke of constant area, this is not 
entirely satisfactory, because at low engine speeds, 

or at reduced loads, when it is desirable that the fuel should be finely divided 
to facilitate combustion in a vitiated atmosphere, just the reverse result is 
obtained. 

Sometimes the jets or emulsion tubes are made to discharge on to a wire which is 
stretched across the throat, the vacuum formed on the lee side of the wire thereby 
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distributing the fuel horizontally. As in the diffuser type of carburettor, however, 
unless the air speed in the manifold* is high, the droj>s will coalesce. 

Radial aero engines lend themselves to the fitting of a fan, with radial discharges 
to each cylinder, for producing the desired atomisation and the mixing of the 
fuel and air. 

Starting control* On starting an engine the air speed through the choke is 
too small to lift the petrol from the jet — it is therefore necessary to supply petrol 
to a point where the suction is greater. With the throttle closed this point is on 
the engine side of the throttle, so that in theBaverey type of carburettor a tapping 
is taken from the well to this side of the throttle (see Fig. 329), and the air supply 
is controlled by a pointed screw. Slight opening of the throttle reduces the vacuum 
in the engine manifold and eventually the petrol supply from the slow-running 
jet ceases. 

In the needle type of carburettor the jet is sometimes lowered to produce a 
rich mixture, the piston which forms the choke resting on a stop just above the 
surface of the jet, so that the area for air flow is very small. 

Frequently a miniature carburettor, comprising one jet and a choke, is coupled 
to the main float chamber and to the engine side of the throttle. This is brought 
into operation by a valve which controls the passage from the choke to the engine. 

(4) Acceleration. The simple arrangement of jet outlined previously, when 
adjusted for economical running, will not permit of rapid acceleration for the 
following reasons: 

(i) If the engine is to be accelerated its running speed will not be particularly 
high, and therefore the suction at the main jet will not be great enough to accelerate 
the petrol at the same rate as the air is accelerated. The result is a momentary 
weak mixture which is said to cause a “flat spot”. 

(ii) With the throttle almost closed the pressure in the engine induction may 
be so low as to evaporate the petrol with which the manifold walls are normally 
wetted, Hence the first gulp of petrol, which follows the opening of the throttle, 
will wet the walls of the manifold, and only a weak mixture will enter the engine. 
This mixture will be insufficient to develop the power required to accelerate the 
engine at the desired rate, hence the acceleration period will be prolonged. 

The methods available for ensuring rapid acceleration are: 

(a) To enrich the mixture at small throttle openings, and thereby sacrifice 
fuel economy. 

(b) To raise the temperature of the induction system to prevent depositions 
of petrol. Unfortunately this reduces the volumetric efficiency of the engine, and 
increases the tendency to detonate by elevating the combustion temperature. 
Modem petrols, however, require a certain amount of pre-heating. 

* The manifold of an engine is the piping which connects the cylinders with the 
carburettor or exhaust pipe. 
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in a single jet carburettor would be too small to give a chemically correct mixture 
even at the highest air speeds, and the compensating jet that takes its petrol from 
a well which is supplied by a metering jet, the flow through this jet being produced 
by the static head in the float chamber; hence the discharge rate of this jet is 
approximately constant. 

Now increased air speed, whilst it does not affect the discharge of the metering 
jet, does affect the air flow, and therefore the mixture strength (calculated on the 
discharge from the compensating jet) progressively weakens with increased air 
speed, whilst the mixture strength due to the main jet becomes richer. By a 
correct choice of jet sizes and using submerged jets that are less sensitive to 
changes in C d , it is therefore possible to make the increased air to fuel ratio of the 
compensating jet offset the reduced air to fuel ratio of the main jet over a wide 
range of air speed. 


Emulsion 

Holes 


(3 ) Diffuser or shrouded jets . A limited measure of compensation is afforded 
by surrounding the main jet with three concentric tubes (see Fig. 330). 

The inner tube, known as the diffuser or depres- 
sion tube, is pierced with holes at intervals along 
its length, and these holes communicate with an 
annular chamber that is itself in communication 
with the atmosphere. 

The emulsion holes are arranged to be near the 
throat of the choke tube (see Fig. 327), so that the 
depression of pressure produced by the choke 
causes a mixture of petrol and air to issue from the 
emulsion holes. 

The more intense the pressure difference the 
lower will the petrol level fall in annulus (2) and 
the greater the aeration of the petrol. 

Aeration, in itself, will not appreciably affect 
the mixture strength, but, by changing the pressure 
difference over the main jet, it will control the 
discharge from this jet and therefore effect com- 
pensation in this way. 

Atomisation of the fuel. In most carburettors 
the velocity of the air is relied upon to produce the 
desired degree of atomisation, but, in carburettors 
fitted with a choke of constant area, this is not 
entirely satisfactory, because at low engine speeds, 
or at reduced loads, when it is desirable that the fuel should be finely divided 
to facilitate combustion in a vitiated atmosphere, just the reverse result is 
obtained. 

^ Sometimes the jets or emulsion tubes are made to discharge on to a wire which is 
stretched across the throat, the vacuum formed on the lee side of the wire thereby 
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distributing the fuel horizontally. As in the diffuser type of carburettor, however, 
unless the air speed in the manifold* is high, the drops will coalesce. 

Radial aero engines lend themselves to the fitting of a fan, with radial discharges 
to each cylinder, for producing the desired atomisation and the mixing of the 
fuel and air. 

Starting control. On starting an engine the air speed through the choke is 
too small to lift the petrol from the jet — it is therefore necessary to supply petrol 
to a point where the suction is greater. With the throttle closed this point is on 
the engine side of the throttle, so that in the Baverey type of carburettor a tapping 
is taken from the well to this side of the throttle (see Fig. 329), and the air supply 
is controlled by a pointed screw. Slight opening of the throttle reduces the vacuum 
in the engine manifold and eventually the petrol supply from the slow-running 
jet ceases. v 

In the needle type of carburettor the jet is sometimes lowered to produce a 
rich mixture, the piston which forms the choke resting on a stop just above the 
surface of the jet, so that the area for air flow is very small. 

Frequently a miniature carburettor, comprising one jet and a choke, is coupled 
to the main float chamber and to the engine side of the throttle. This is brought 
into operation by a valve which controls the passage from the choke to the engine. 

(4) Acceleration. The simple arrangement of jet outlined previously, when 
adjusted for economical running, will not permit of rapid acceleration for the 
following reasons: 

(i) If the engine is to be accelerated its running speed will not be particularly 
high, and therefore the suction at the main jet will not be great enough to accelerate 
the petrol at the same rate as the air is accelerated. The result is a momentary 
weak mixture which is said to cause a “flat spot”. 

(ii) With the throttle almost closed the pressure in the engine induction may 
be so low as to evaporate the petrol with which the manifold walls are normally 
wetted. Hence the first gulp of petrol, which follows the opening of the throttle, 
will wet the walls of the manifold, and only a weak mixture will enter the engine. 
This mixture will be insufficient to develop the power required to accelerate the 
engine at the desired rate, hence the acceleration period will be prolonged. 

The methods available for ensuring rapid acceleration are: 

(a) To enrich the mixture at small throttle openings, and thereby sacrifice 
fuel economy. 

(b) To raise the temperature of the induction system to prevent depositions 
of petrol. Unfortunately this reduces the volumetric efficiency of the engine, and 
increases the tendency to detonate by elevating the combustion temperature. 
Modem petrols, however, require a certain amount of pre-heating. 

* The manifold of an engine is the piping which connects the cylinders with the 
carburettor or exhaust pipe. 
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(c) To inject a small quantity of petrol from a pump which is connected to the 
throttle, but which only operates upon rapid depression of the accelerator pedal. 

(d) To provide a well, as in the Baverey system. 

(e) To flap the throttle — a method resorted to by racing drivers where the 
choke is of so large a bore (with a view to ensuring high volumetric efficiency) that 
the engine will not idle. The effect of flapping the throttle is to build up a layer 
of petrol, which is supplied via the starting jet. 

The mechanical pump and heated manifold, of such small dimensions as to 
ensure a high air speed, is the modern method of producing rapid acceleration. 

The Baverey method depends for its operation upon the well which supplies 
the compensating jet being almost full whenever it is desired to accelerate the 
engine. The sudden depression caused by the inflow of air — which attends the 
movement of the throttle — empties the well and discharges its contents into the 
induction system. 

Until the throttle is again closed the well will remain dry, since the metering 
jet is capable of supplying only the compensating jet with petrol. 

Of all these methods, that depending on the pump is the best, because it can 
anticipate an acceleration and does not affect the other events in carburation. 

Difficulties met with in aircraft carburation. 

The effect of variations in altitude, as encountered in aviation, is to vary both 
the temperature and the pressure of the air supply. 

The effect of air temperature on carburation. 

The increased charge weight which attends a reduction in air temperature is 
offset by the reduction in barometric pressure with altitude, and unfortunately 
the atmospheric temperature is further lowered by evaporation of petrol. The 
result is that the incoming humid air rapidly forms snow or ice which chokes 
the carburettor. 

The effect of barometric pressure on carburation. 

•On p. 644 it was shown that air flow was proportional to the square root of the 
air density, and therefore decreases with an increase in altitude. This reduction 
in density enriches the mixture according to equation (12), p. 646. 

To compensate for this enriching of the mixture two methods are available: 

(a) The use of a variable jet in which a hand-operated or automatically qpn- 
trolled needle obstructs the main jet and thereby regulates the discharge. 

(b) The provision of an air bleed in the emulsion tube, as shown in Fig. 33Q; 
or by fitting two connections from the choke to the float chamber, which is 
hermetically sealed. 
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A small bore pipe puts the float chamber into communication with the inlet 
side of the choke, whilst a larger valve-controlled pipe connects the throttle side 
of the choke with the float chamber. By opening this mixture control valve the 
pressure in the float chamber may be considerably reduced, with a consequent 
reduction in the pressure difference over the jets. Thus the petrol discharge rate 
is also diminished. 

The small bore pipe also acts as a balancing device to even up any pressure 
difference between float chamber and carburettor inlet due to the proximity of 
cowling. \ 

% 

Temperature controls. 

The carburettor may be prevented from freezing by the following methods: 

* i 

(a) Heating the intake air by fitting valve-controlled scoops round the cylinder 

barrels. i 

(b) Jacketing the carburettor with water, oil, or exhaust gas. Of these three 
methods oil jacketing is the most widely adopted method, but it does not prevent 
ice formation on the butterfly valve. 

(c) Depressing the freezing point of water vapour by the addition of ethyl 
alcohol or methanol to the petrol. Unfortunately these solvents attack the 
piping. 

(d) Dispensing with the carburettor and injecting petrol into each cylinder, 
or the induction system, by pumps prevents freezing, imperfect distribution, and- 
fire risks and allows a fuel of lower octane value and volatility to be burnt.* 
According to reports (1940) the petrol injection system is gaining favour in foreign 
machines. For a comparison of carburation and direct injection see The aeroplane, 
March 7, 1941, p. 289. The Engineer, February 5, 1943, p. 109. 

EXAMPLES 

1. What conditions have to be fulfilled by a carburettor for modem air-craft? 

By means of sketches show how these requirements are met in a carburettor of 
particular make. 

2. Describe the major difficulties that are encountered in the carburation of petrol 
engines, and describe the practical solution of one of these difficulties. 

Engine testing.'" 

(1) Purpose of the tests. 

(a) To determine information which cannot be determined by calculation. 

(b) To confirm data used in design, the validity of which is in doubt. 

(c) Commercial tests are run to satisfy the customer as to the Performance 
of the engine. 

* To James Watt must be given the credit for the introduction and systematic application 
of tests of engines. 
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By performance is primarily meant the operation of all the variables relating 
to the working of the engine. For example: 

Power and fuel consumption. 

Automatic controls, ease of starting and stopping, vibration, power, range, etc. 

(2) The technique of engine testing.* The number of variables associated 
with the operation of an engine is very great and their interdependence complex. 
If therefore a clear idea of the relation between those factors is to be obtained, 
then, as in mathematics, only one variable should be altered at a time, but a 
record should be taken of all the variables that might affect the performance of 
the engine, since at a later date the results of the test may be required for some 
purpose other than that for which the test was primarily run. 

Recording the results. Great attention should be paid to the method of 
tabulating the results, so that computations may be made without having to 
repeat the writing of any figures, and the actual observed figures should not be 
corrected except from a repeat test. 

“Nothing contributes more to despatch than method.” 

Plotting the results. The results should be plotted during the trial, so that 
they may be visualised. 

False zero’s and bastard scales should never be employed, as they are very 
misleading, and if more than one graph is plotted on a common base, then dis- 
tinguish both the graph and the scale by colours. 

(3) Attainment of steady conditions. It is obvious that it takes time for 
the variables associated with an engine to become reasonably steady owing to 
the heat capacity of the system. For a small engine at least five minutes should 
be allowed between each change of load, and for a large engine many times this. 

Simultaneous readings of all variables should only be taken after the attain- 
ment of steady conditions. 

(4) Bench tests of a petrol engine. The following tests may be made with 
comparative ease and will convey a fairly complete picture of the engine’s 

performance :f 

(а) Power tests. 

(б) Throttle tests. 

(c) Fuel consumption tests. 

(< d ) Motoring tests. 


* “Methods of testing Internal Combustion Engines, and comparative fuel economy of 
engines on test and in service”, Proc. Inst. Mech . Eng. vol. cxxxn, 1936. 

f Since when tested on the bench a automobile engine is at a distinct disadvantage as 
regards heat dissipation, the trials should be of short duration, artificial cooling of the 
sump and exhaust manifold should be resorted to, and the grade of lubricating oil should 
be heavier than normally used. 
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(а) Power tests. In these tests the throttle opening is fixed, and the brake 
load varied to give a complete range of speed, the ignition advance being adjusted 
at each speed to give maximum power. 

On a base of speed plot b.h.p., i.h.p., mechanical efficiency and specific fuel 
consumption. 

(б) Throttle tests. If the engine is used for propelling a motor car, aeroplane 
or boat, a definite relation exists between the speed of the engine and the power it 
must develop to maintain that speed on the leyel. To simulate these conditions 
on the test bed the throttle must be set so as to give the power at the particular 
speed of which experience shows the relation t<j> be of the form 

b.h.p. = a^.p.m,)* 1 , 

where a and n are constants. 

For a motor car n is approximately 2, whilst for aeroplanes, and motor boats 
it is just less than 3. * 

(c) Fuel consumption tests. Since fuel constitutes the major expense 
associated with an engine of sound mechanical design, special tests are usually 
made to determine the eff ect of mixture strength on the specific fuel consumption 
of the engine. 

The tests may take one of two forms: 

(i) Constant speed constant throttle opening. The mixture strength is 
varied by changing the opening of the jet, and the engine load adjusted to main- 
tain the speed of the engine constant. 

On plotting the specific fuel consumption and b.m.e.p. on a base of mixture 
strength, the b.m.e.p. and specific fuel consumption, for a given mixture 
strength, may be obtained from these curves and plotted against each other 
to give a fuel consumption loop. 

(ii) Constant power test. If the speed and torque are kept constant, the 
power will be constant, so that any change in mixture strength must be accom- 
panied by a change in throttle opening. 

On plotting the specific fuel consumption and b.m.e.p. on a base of mixture 
strength, the curves resemble those for constant speed and throttle opening. 

Comparative tests. If tests on engines of different design and capacity 
are to be compared, it is important that the variables are reduced to a common 
standard. 

The atmospheric conditions must be reduced to n.t.p. conditions, and, to avoid 
differences in mechanical efficiency and calorific value of the fuel affecting the 
results, the results should be plotted on a base of i.h.p. not b.h.p., and the thermal 
value of the fuel rather than mass should be used for the ordinate. 

(d) Motoring test. High-speed petrol engines are not particularly easy to 
indicate owing to inertia, thermal, and phasing difficulties of the indicator, so 
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that Ricardo drove the engine immediately after a test by means of an electric 
motor, the torque on which could be measured. 

Owing to the rapidity with which an engine cools down, the most refined 
technique is necessary to obtain reliable information. 

By noting the reduction in b.h.p. which attends the cutting out of each cylinder 
in turn we have an approximate method of obtaining the I.h.p. of that cylinder. 
This is known as the Morse test. 

The Morse test. The object of this test is to obtain the approximate 
i.h.p. of a multi-cylinder engine without any elaborate equipment. It consists 
of rendering inoperative, in turn, each cylinder of the engine, and noting the 
reduction in b.h.p. developed. 

With a petrol engine each cylinder is rendered inoperative by “shorting” the 
sparking plug of the cylinder; with an oil engine, by cutting off the supply of fuel. 

Theory. In Fig. 331 the white area of the indicator diagram is a measure of 
the Gross horse -power (g.h.p.) developed by the engine, the black area the 
Pumping horse-power (p.h.p.). See p. 593. 

The net i.h.p. per cylinder = (g.h.p. - p.h.p.). 

The net b.h.p. per cylinder = (i.h.p. - p.h.p.). 

With all the n cylinders operating the total 
B.H.P. 

= B.H.P. n = (G.H.P.jj — P.H.P. n — F.H.P. n ). 

Cutting out one cylinder, but maintaining 
the r.p.m. constant, so as to maintain the p.h.p. 
constant, the new b.h.p. represents that of an 
engine having (»-l) cylinders minus the pumping and friction losses of the 
inoperative cylinder. 

The reduction in b.h.p, that attends the cutting out of the cylinder can be 
obtained by direct measurement, and symbolically it is represented by 

(B.H.P. n -B.H.P. n _ x ) = (G.H.P. n — P.H.P. n P.H.P . n ) 

(O.H.P.,-! - p.h.p . n _i - P.H.p. n _j - (P.H.P. + F.H.P.) of the idle cylinder). 

If we assume that pumping and friction losses are the same when the cylinder 
is inoperative as when working, then the reduction in b.h.p. is equal to the G.H.P. 
of the inoperative cylinder: 

(B.H.P.„ — B.H.P.„_ 1 ) = (G.H.P. n -G.H.P. n _ 1 ). 

As pumping losses are usually small, the reduction in b.h.p. is usually regarded 
as the i.h.p. of the inoperative cylinder. 



Fig. 331. 
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Ex. The figures tabulated below show the result of a test of a 13-9 h.p 
engine. 

Throttle opening, 


Cylinders working 

R.P.M. 

Brake 

load 

B.H.P. 

Difference 
in B.H.P. 

1 

2 

3 

4 

1160 

97 

25 



— 

2 

3 

4 

— 

67 

17-3 

7*7 

1 

— 

3 

4 

— 

65 

16-8 

8-2 

1 

2 

— 

4 

— 

70 

181 

6*9 

1 

2 

3 

— 

— 

; 70 

181 

i . 

6*9 


1 

j 


4 

G.H.P. 29*7 


Mechanical efficiency w 84 % 


i 

Throttle opening 


Mechanical efficiency = 81 % 

Measurements. 

The following are the principal measurements required for a complete test on 
a petrol engine: 

(1) Torque. (4) Air consumption. 

(2) Rotational speed. (5) Various temperatures. 

(3) Fuel consumption. (6) Ignition advance. 

Torque. 

In the selection of a dynamometer it is important that the engine torque at 
every speed should be exactly balanced, otherwise tho engine will stall or race 
away. Further, the characteristics of the dynamometer should be tho same as 
the anticipated service load on the engine, and since in propulsion work this is 
mainly one of overcoming a fluid resistance, then the Froude hydraulic brake 
should meet all cases. 

The electric dynamometer has the advantage that it can be used for motoring 
the origins as well as absorbing the power by heating resistances, which them- 
selves are fairly expensive parts of the equipment. With air-cooled aero-engines 
the current should be used for driving the cooling fan. 

Rotational speed. 

Thin ig measured by a centrifugal tachometer, which is similar to an engine 
governor, or by a chronometric type, where the number of revolutions, in a 
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given interval of time, are counted and recorded by the instrument, or by an 
electric tachometer, where advantage is taken of the e.m.f. being approximately 
proportional to speed. 

Fuel consumption. 

This is most easily measured by noting the time to consume a given volume of 
fuel, although strictly speaking it is the mass that is required. 

Fig. 332 shows a simple form where two spherical glass bulbs, one of about 
100 c.c. capacity, and the other 200 c.c. capacity, arc connected by three-way 
cocks so that one may feed the engine whilst the other is being filled. 



The capacities differ in order to make the duration of tests approximately 
constant irrespective of engine load, whilst the spherical form combines strength 
with a small variation of fuel head on the carburettor needle. 

To reduce the fuel consumption to a mass basis the specific gravity should be 
taken at the temperature of the petrol during the trial. 

For an average petrol specific gravity = 0-74, calorific value = 10,576 o.H.tr. 
per lb., latent heat = 75 o.h.u. per lb., mean specific heat 0 to 15° C. = 0*47 
o.H.tr. per lb. 

. ,. Fuel in lb. per hour 

. . Brake specific fuel consumption = — (1) 

B.H.P. 
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If v cubic centimeters of petrol are used in t seconds, then the consumption in 
lb. per hour 

_ vx specific gravity x 60 2 v 0-74 x 3600 
454 x t 


7 X 


454 


v 

= 5* S6 - . 
t 


.( 2 ) 


B.H.P. X 


33,000 

~uW 


Brake thermal efficiency = — — — - — . 

r uel per mm. x o.v . 


.(3) 


23-55 x 00 


By (l)in (3), 

Brake thermal efficiency = r - . 

Brake specific fuel consumption x o.v. 

With fuel having a c.v. of 10,575 c.h.ij. per lb. 


Brake thermal efficiency = — - 


23-55x60 


10,575 x Brake specific fuel consumption 
0-1335 


Brake specific fuel consumption in lb. per b.h.p. hour’ 


Air consumption. 

A sharp-edged orifice in conjunction with an anti-pulsating tank, having, in 
the case of a single-cylinder engine, a volume about 500 times the swept volume 
of the engine, forms a simple and cheap method of estimating the air supply to 
an engine. 

Fig. 333 shows a portable type employed by the author. For the space occupied, 
its damping qualities are excellent, and for large engines it can he placed in series 
with similar tanks until the required degree of damping is effected. 

An accurately made sharp-edged orifice will give a fairly precise value of the 
air consumption without calibration, but, should this be desired, it is convenient 
to employ a pipe A which carries an orifice that has been calibrated in position 
by the N.P.L. By alternately blanking the pipe (when attached to flange B) and 
orifice C 9 at different engine speeds, the coefficient of discharge for C may be 
obtained. 

Simple theory. If the pressure difference over the orifice, by a correct choice 
of orifice diameter, is limited to 5 in. of water, the coefficient of discharge C d is 
sensibly constant at 0-596 and compressibility may be ignored (see p. 323). 

The velocity through the orifice is given by 

(i) 

y Pa 

where {p± —Pi) is the pressure difference over the orifice in lb. per sq. ft. and p a 
is the density of the air, the ratio, area of orifice to area of supply pipe being 
zero. 


WHK 


A2 
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The pressure difference is usually measured in inches of water h w . 

•*. Pi-P2 = i2 Pw ' ( 2 ) 

Mass flow in lb. per sec. = C d AV Pa , (3) 

where A is the area of the orifice in sq. ft. 



Fig. 333. 

By (1) and (2) in (3), 

Mass flow = C d A Jzgp w p a j^. 

With air at 15° C. and 14-7 lb. per sq. in., i.e. 29*92 in. of mercury, the density 

14*7 x 144 

Pa = ~96 xTsT = 0 0766 lb * P er cu * ft *> 


p w = 62*3 lb. per cu. ft. 

Taking C d as 0*596, and the diameter of the orifice in inches as D, then 

■m a • n, n ana n x D 2 x 60 li x 32*2 x 0*0766 x 62*3 , 

Mass flow in lb. per minute = 0*596 x - / 

r 4x144 V 12 


=> 0*99 D 2 *Jh w in. of water. 


(4) 
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The excellent damping qualities and low vapour pressure commend castor 
oil for use in the manometer. 

If the atmospheric conditions differ from 29*92 and 15° C., equation (4) becomes 


'j 


Barometer 


288 


=^0-99D 2 / —x 

29-92 Temperature 


x h m . 


_ 0 r *2 r Barometer , .. 

\ Absolute temperature w ' ^ Cr mm ’ 


(5) 


Specific air consumption. 

If fuel and air could be obtained for nothing, it would be just as reasonable to 
attach as much importance to the specific aijp consumption as to the fuel con- 
sumption. J 

Ricardo conceived the idea of specific air consumption as a means of detaching 
the performance of the combustion chamber from that of the induction manifold, 
since the density of air is very much less than that of liquid petrol, and therefore 
air can follow the tortuous path of the intake without, as in the case of petrol, one 
cylinder being rich and the other weak. 

-p, i Air consumed in lb. per hour 

Brake specific air consumption = . 

B.H.P. 


Volumetric efficiency. 

It was shown on p. 618 that the volumetric efficiency was given by 

Air per stroke reduced to n.t.p. 

Swept volume 

If w lb . of air are consumed per minute by a four-stroke engine having n cylinders 
the rotational speed being N r.p.m., air per stroke in cu. ft. 

wx 2 96 x 273 

^ nxN X 14-7 xTii* 

. xt i ^ • wx 42,800 

/. Volumetric efficiency = —, 7 u — r — ,-r-j — . — . 

J nN x Swept volume per cylinder in cu. m. 

( 1 ) 

Temperature measurement. 

The temperature rise of the circulating air is most conveniently obtained by 
mercury thermometers, which can be inserted directly into the rubber hose so 
that their bulbs are in the stream of water. 

For the exhaust and cylinder head temperature copper-constantan thermo- 
couples should be used after calibration in oil against a high temperature mercury 
thermometer. For general industrial purpose mercury in steel pyrometers are 
preferable to electric, provided the pipes are short. 


! 42-2 
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Ignition advance. 

The actual point at which ignition occurs has an important bearing on engine 
temperature, fuel consumption and the 
tendency to detonate, and is most easily 
obtained by inserting neon tubes in the 
flywheel rim opposite each crank and 
allowing those to move over the face 
of an insulated wiper plate (graduated 
in terms of the crank angle), to which 
each sparking plug may be connected 
in turn by a loose lead (see Fig. 334). 

The characteristic diagram.* 

On this diagram (Fig. 335) all the quantities that involve a time rate are set 
down in the quadrants of rectangular axes, so that the variables may be plotted 
during the progress of the trial, and may be readily compared by the co-ordinating 
rectangle, thus: 

If at a particular b.h.p. the fuel consumption is given by point A , the corre- 
sponding r.p.m. are given by B } the air consumption by G and the mixture 
strength by tan 0 , provided the same scales are used for air and fuel. From the 
relation 

Torque x 2nN 

u tr b — * 




if the torque remains constant, then a linear relation exists between b.h.p. and 
r.p.m., and a family of constant torque lines may readily be constructed by 
erecting an ordinate where N — 33 , 000 / 27 r, whence Torque = b.h.p., so that the 
torque and b.h.p. have the same numerical value. 

* Introduced to the author by the late Prof. W. E. Dalby, F.R.S. 
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EXAMPLES 

1. Testing engines. (A.M.T.M.E. 1938.) 

Describe any test of an internal combustion engine that you have personally carried 
out, giving the points of importance. 

(а) In the performance. 

(б) On the method of carrying out the observations. 

2. Volumetric and mechanical efficiency. (B.8c. 1938.) 

A multi- cylindered petrol engine is to undergo a series of tests in order to determine 
its volumetric and mechanical efficiencies over its full range of speed. Make a list of the 
observations you would take, and indicate how these quantities would be calculated. 

Sketch curves to a base of revolut ions per minute, showing how these quantities vary 
(a) at full throttle, (&) at half throttle. 

Explain with the aid of graphs in what way the b.h.p. is related to the air consumption 
over the speed range. 

3. Show that the curves of i.n.r. mechanical efficiency, fuel per b.h.p. hour and the 
heat balance curves for an internal combustion engine, when plotted on a b.h.p. base, 
are all interrelated, and predict their shape from theoretical considerations. If test 
results differ from the predicted, how may the cause be traced? 

4. Morse test. (A.M.I.M.E. October 1937.) 

Tn a test of’ a four-cylinder four-stroke petrol engine of 3 in. boro and 4 in. stroke the 
following results were obtained at full throttle at a particular speed (constant), and 
with a fixed setting of the fuel supply of 0*18 lb. per min.: 

b.h.p. with all cylinders working 20-7. 
b.h.p. with cylinder No. 1 cut out 14*2. 
b.h.p. with cylinder No. 2 cut out 14*1 . 
b.h.p. with cylinder No. 3 cut out 13-9. 
b.h.p. with cylinder No. 4 cut out 14*2. 

Estimate the indicated horse -power of the engine under these conditions. 

If the calorific value of the fuel is 10,500 c.h.u. per lb., find the indicated thermal 
efficiency of the engine. 

Compare this with the air standard efficiency, the clearance volume of one cylinder 
being 7 cu. in. Ans. 26-4 i.h.p.; 32*9%; a.s.e., 47*0%; Relative efficiency, 69%. 

5. Fuel consumption. (A.M.I.M.E. October 1937.) 

A six-cylindered petrol engine of 4 in. bore and 5 in. stroke was run at full throttle at 
a constant speed of 1500 r.p.m. over the practicable range of air/fuel ratio, and the 
following results were deduced from the series: 


Test number 

1 

2 

3 

4 

5 

6 

7 

8 

b.m.e.p., lb. per sq. in. 

91-0 

960 

98*0 

97-5 

970 

92-0 

84*0 

74*5 

Fuel consumption, lb. per B.H.p.-hr. 

0*90 

0-80 

0-71 

0-62 

0*57 

0*55 

0*57 

0*66 

Air/fuel «atio, by weight 

110 

j 11-5 

12-9 

14*7 

161 

17*6 

19*2 

20*8 


The engine had a compression ratio of 5/1. 
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The fuel used had a calorific value of 10,600 c.H.u. per lb., the air/fuel ratio, by weight, 
for “chemically correct” combustion being 14-5/1, 

Plot, on a base of air/fuel ratio, curves of brake mean effective pressure and of fuel 
consumption in pounds per brake horse-power hour. Point out those characteristics 
of petrol engines in general, and of this engine in particular, revealed by these curves. 
Calculate the highest brake thermal efficiency given by these tests. Am , 24*2%. 

(A.M.I.M.E. 1936.) 

6. A four-cylinder automobile engine, of 2-5 in. bore and 4*6 in. stroke, was tested, at 
constant speed, over the complete range of mixture strength. The arm of the brake was 
3 ft. The following data were recorded: 


Tost number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Revolutions per min . 

1510 

1500 

1510 

1510 

1510 

1510 

1509 

1493 

1513 

Brake load, lb. 

19*1 

1915 

19*2 

19-25 

19-25 

19-25 

18-95 

18-0 

16-6 

Fuel, lb. per hr. 

121 

119 

1 1*6 

11-4 

11-0 

10-7 

10- 1 

9-4 

8-9 


Plot a diagram showing the relation between fuel consumption in lb. per b.h.p. hour 
and B.M.E.p. 

Discuss the information which this diagram provides respecting tho performance of 
the engine. 

7. Fuel consumption curves for internal combustion engines. (B.Sc. 1937.) 

Sketch the general form of the curves obtained when fuel consumption per horse- 
power hour is plotted against brake mean pressure for (a) a petrol engine, and (b) a 
compression ignition oil engine, when tested at constant speed over a complete working 
range of air/fuel ratio. 

If the same engines are tested at constant speed over the range of power output, from 
light to full load, the method of power control in each case being characteristic of the 
particular engine, sketch again the curves showing the variation of the same quantities 
as before. 

In each case compare the curves for the two engines, and explain how tho differences 
follow from the different methods of operation. 
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INTERNAL COMBUSTION ENGINES 
(3) THE OIL ENGINE 

Historical. 

Before the advent of gas producers, or the storage of gas by compression, the 
employment of gas engines was very restricted, so it seems natural that man 
should endeavour to generate gas from liquid^ rather than from solid fuel, and 
use it in a gas engine. ; 

Brayton, an English engineer who had settled in America, first put forward 
the idea of converting from gas to oil, and in 1873 his first engine was placed upon 
the market. 

Brayton’s gas engine resembled very closely a steam engine, in that the 
explosive mixture was stored in a separate container, and admitted to the engine, 
at constant pressure, for a portion of the stroke. To ignite the charge a grating 
was placed in the inlet port, and through this hot grating the explosive charge 
passed on its way to the expansion cylinder. Difficulties with this grating caused 
Brayton to inject oil through it into a charge of air, instead of injecting an 
explosive gaseous mixture, and from that time success followed, although the 
engine was not economical on fuel. 

The credit of running the Otto engine on light oil probably belongs to Daimler, 
who was associated with Otto at Cologne, and had a slow-speed petrol engine 
running in 1876. 

It was in 1 883 that Daimler produced an engine which ran at about 1000 r.p.m., 
and in 1886 he propelled a motor car with an engine of this type. 

Meanwhile, efforts were being made to adapt the Otto cycle for heavy fuels, and 
the first to achieve success in this direction was Priestman of Hull, who employed 
paraffin as fuel in 1885. 

To vaporise paraffin, by the direct application of heat at constant pressure, 
involves a temperature in the region of 350° C., and even then there is a residue. 
t If, however, superheated steam, or pre-heated air, is bubbled through the paraffin, 
distillation is complete at a lower temperature. 

Priestman, realising this, injected his fuel by means of air at 5 lb. per sq. in. 
into the vaporiser, where evaporation was effected at 150° C. ; the vaporiser being 
jacketed with exhaust products at about 350° C. 

A pipe connected the vaporiser with a normal type of four-stroke gas engine 
^in which electric ignition was employed. 

The Giffen engine resembled the Priestman, but it employed hot-tube ignition 
(see p. 580), and on this account it was considered better at that time. 
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Surface ignition engines (hot -bulb engines). 

About 1889 the well-known Hornsby -Akroyd oil engine made its appearanoe, 
and brought about a complete revolution in engine design. Mr H. Akroyd Stuart, 
of Bletcliley, Bucks, was the originator of the method of compressing only air 
in the engine cylinder previous to the injection of fuel into a hot bulb, which 
formed the compression space and vaporiser of the engine. This hot bulb 
may be regarded as a modification of the hot tube used on earlier gas and oil 
engines. One important difference, however, should be noted, and that is by 
contracting the bulb to a narrow neck, prior to its attachment to the working 
cylinder, a very high degree of turbulence is sot up as the ignited gases flash 
through the neck into the working cylinder, where combustion is completed. 

Even at the present time Akroyd’s method is still the best for burning fuels of 
indifferent quality with reasonable economy, and little trouble. 

Ignition in this engine is entirely automatic, and, with a bulb of correct shape, 
maintained at a suitable temperature, it is immaterial whether the fuel is injected 
on the suction stroke or at the end of compression. The reason for this is that 
only those paraffin air mixtures in the range 10 to 17 parts of air by weight 
to 1 of paraffin are ignitable, so that until sufficient air is compressed into the 
bull), to realise this condition, ignition will not occur. 

For starting the engine, and running it on light loads, the bulb is heated ex- 
ternally by means of a blow-lamp. As the load increases, so does the bulb tem- 
perature, with the result that the volume of air taken in is reduced, and the period 
of ignition automatically advances until pre-ignition occurs. To counteract this 
water is dripped into the air-suction port. 

The low-working pressures commend the engine for use where moderate powers 
of constant amount are required. 

Semi -Diesel. 

This engine occupies a position intermediate between the Hot -bulb engine 
and the Diesel engine. In the hot-bulb engine the compression pressure is about 
90 lb. per sq. in., in the Semi-Diesel 250 lb. per sq. in., and in the Diesel about 
500 lb. per sq. in. 

By raising the compression pressure the uneooled surface of the bulb may be 
reduced, and, in consequence, the working range and fuel economy of the engine 
considerably increased.* 

The increased compression pressure makes it imperative that the fuel is injected 
at the end of the compression stroke, where the combination of high pressures and 

* Another important advantage is that heavy fuels, which would choke the vaporiser 
valves and piston of a hot-bulb engine, may be burnt in the high -compression engine with 
impunity. 

Until the introduction of high compressions it was quite common to find, after stopping 
the engine, that the piston was immovable. . . 
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short time of injection presented designers with a problem of considerable 
magnitude. Again in this field Akroyd was the pioneer, and the principles which 
he introduced still hold. 

Before dealing with Akroyd’s invention of 1891, let us consider the require- 
ments of fuel injection gear for Compression ignition engines (c.i.e.). 

Briefly they are as follows: 

(1) The correct amount of fuel, to develop the requisite power, must be 
supplied to the engine at the right time. 

(2) The pressure of this fuel must be raised sufficiently to inject it, as a fine 
mist, which will penetrate the compressed air to the remote corners of the 
combustion chamber. This requirement is very difficult to achieve, since in a 
Diesel engine the density of the air at the end of compression is more than twelve 
times the density of free air, and during combustion double this amount, and 
by atomising the fuel the kinetic energy of the fuel particles, and therefore their 
penetrating power, is correspondingly reduced. 

(3) On p. 78 it was shown that the efficiency of a compression ignition engine, 
whether it works on the Dual combustion or Diesel cycle, depends upon the 
earliness at which the fuel is cut off, and since pre-ignition determines the com- 
mencement of injection, it is obvious that in a high-speed engine the duration 
of the fuel injection must be extremely short. 

(4) To prevent fouling the combustion space with the solid residue from un- 
consumed fuel it is important that injection commences and ends very abruptly, 
so that there is no dribble. 

(5) In no circumstances must the fuel spray hit the walls of the combust ion 
chamber, or heavy deposits of coke will occur, and the lubricating oil will be diluted. 

Akroyd’s atomiser. 

Fig. 336 shows Akroyd’s atomiser, which consists of a spring-loaded differential 
piston connected to a needle valve which normally obstructs the atomiser jet. 
The pressure of the fuel is raised by a cam-driven ram pump in which the timing 
is adjusted to impose a high pressure on the fuel at approximately the end of the 
compression stroke of the engine. This pressure is sufficient to lift the differential 
piston of the atomiser (to which the fuel pump is connected by a stout pipe) 
against the resistance of the spring. On the fuel valve opening the pressure in the 
fuel line is relieved immediately, and the strong spring returns the needle valve 
smartly to its seat, so that dribble is prevented. 

Tangential slots are employed to whirl the fuel as it enters the combustion 
chamber, whilst, to ensure mechanical freedom of the piston, combined with 
a reasonable degree of oil tightness, grooves are turned on the periphery of the 
piston, and a leak-off pipe provided to return the oil, which escapes past the 
labyrinth packing, back to the suction side of the fuel pump. 4 ' 

* See p. 467. 
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This method of supplying fuel is known as the Airless or Solid injection 
system, and in recent years it has made very rapid strides.* 



The Diesel engine. 

Dr Rudolph Diesel invented this engine in 1893 with a view to obtaining a 
practical engine of high thermal efficiency. To this end he left the cylinder un- 
jacketed and attempted to use coal dust as fuel.f On this account it is easy to see 
why the engine was not a mechanical proposition. 

The first successful Diesels, using liquid fuel which was injected into the 
cylinder by a blast of air, were manufactured by the M.A.N. Company of Ger- 
many in 1895. 

In England the first Diesel was made by Messrs Mirrlees, Watson and Co. of 
Glasgow in 1897. Messrs Scott and Hodgson of Guide Bridge, Manchester, con- 
structed the second Diesel, which was a horizontal two-stroke. 

The main features of the Diesel engine are: its ability to burn heavy liquid 
fuels economically; the absence of an ignition system; the air-blast injection, 
which produces combustion at approximately constant pressure, and, when 

* E. Giffen and A. W. Rowe, “ Pressure calculation for oil engine fuel-injection systems.’* 
Proc . Inst . Mech . Eng . vol. cxw (1939), p. 519. 

f “Coal as a fuel for internal combustion engines”, Proc . Inst . Mech . Eng. vol. cxu, 
No. 4, June 1939. m 
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properly adjusted, does not produce Diesel knock (see p. 677); and the ability 
of the engine to start from cold. 

The complication and expense which the air-injection system involves has 
resulted in its being gradually superseded, except for the development of large 
powers (see p. 679). 


ThA two- and four -stroke Diesel engines. 


As far as general features go these engines arts very similar to gas and surface 
ignition oil engines, but the much higher pressures which are developed neces- 


sitate an engine of more robust construc- 
tion, and in which the lubrication and 
cooling of the engine must be carefully 
attended to. 

When the power developed exceeds 
160 H.P. per cylinder, fluid cooling of the 
piston is imperative, so this marks the end 
of the trunk piston, and the return to 
steam engine practice, where a crosshead is 
employed; the coolant being conveyed to 
the piston through tho hollow piston rod. 

At one time water was employed for 
piston cooling, but the danger which at- 
tends the contamination of lubricating oil 
with water has led to the more general use 
of oil as a coolant, the piston being corru- 
gated internally to prevent carbonisation 
of the oil with tho attendant danger of the 
carbon choking the cooling pipes. 

Fig. 337 illustrates the simplest type of 
crosshead Diesel engine. As this engine 
operates on the two-stroke cycle tho only 
valves in the cylinder head arc the air- 
starting and fuel valves. 

Towards the end of the expansion stroke 
the piston first uncovers the charging 
port B, which is under the control of 
valve C, later the exhaust port D is opened, 
and the bulk of the products of combustion 



escape into the water-cooled exhaust mani- 337 . 

fold. The scavenging port A is then opened 

and air, at about 6 lb. per sq. in., is blown into the cylinder to Scavenge the 
cylinder # of the remaining burnt products. On the ascent of the piston, valve C 
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is opened, and an extra charge of air passes into the cylinder, thereby producing 
a supercharging effect, since ports D and A are then closed. 

This method of charging and scavenging is common to Sulzer and Polar Diesel 
engines. 

The crosshead type of Diesel engine is used mainly for marine propulsion, 
where the propeller imposes the condition that the maximum power must be 
developed at about 90 r.p.m.: the engine is therefore of the long stroke type. 



The complete scavenging of the cylinder with a minimum quantity of air may 
be conveniently effected by the use of opposed pistons, as in the engine which has 
been brought to a high state of perfection by Doxfords of Sunderland (Fig. 339). 

Strictly speaking, this is not a true Diesel engine, as it employs solid injection, 
and the compression pressure is only about 300 lb. per sq. in., so that some tem- 
perature assistance is necessary to ignite the fuel. This is provided at star ting by 
steam heating the water-jackets. 

The provision of two pistons, with their attendant rods, and three cranks per 
cylinder, produces mechanical complication, but against this must be set the 
absence of valve gear, the large power per cylinder, spherical combustion 
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chamber simple cylinder casting, the excellent balance and torque, and the 
removal of straining effects on the main bearings and engine bed; an important 
factor in marine practice. 

The low compression pressure is ideal for smooth running, long life, and the 
capacity to take prolonged overloads, and, by the use of spherical seated 
bearings, the makers have removed objectionable bending stresses from important 
components. 

Fig. 340 shows the Fullagar opposed piston engine, where an orthodox type 
of crankshaft is employed, the upper pistons being operated by cross -connecting 
opposite crossheads to them. The upper crossheads are square, and are enclosed 
in square cylinders, which furnish the scavenging air for the power cylinders. In 
the previous types described the scavenging air is supplied by a motor or turbine 
driven blower, whereas the Fullagar engine is self-contained. 



Cylinder head. The cylinder head of a four-stroke Diesel engine is very com- 
plicated, especially if the engine is to be reversible. In addition to the normal 
inlet and exhaust valves, fuel, air starting, and relief valves are fitted, and since 
it is difficult to keep valves larger than 12 in. diameter gas tight, duplication of 
valves on large engines is often imperative. 

Fig. 341 illustrates the valve gear for a non-reversing four-stroke Diesel engine. 
Rockers (2) and (3) are pivoted on an eccentric bearing /i, which is free to revolve 
on shaft A . The position of the eccentric is determined by handle C } which controls 
the starting, stop and running positions of the fuel and air starting rockers, by 
rais ing or lowering these rockers on to the respective cams. 
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Blast -injection system. 

In this system each cylinder is provided with a fuel pump, the purpose of which 
is to meter out the amount of fuel comparable with the load on the engine, and 
to raise this fuel to the fuel valve, where it reposes until this valve is opened 
mechanically. As a rule all the pumps for a multi-cylinder engine are contained 
in a single steel block, and their rams are driven from a common crosshead. The 
amount of fuel delivered is under the control of the pump suction valve, which 
is operated by the governor, in combination with the plunger, the initial lift 
given by the plunger preventing a vapour lock. 



The blast air is raised to about 1000 lb. per sq. in. by a three-stage compressor, 
shown in Fig. 342. This air is responsible for projecting the fuel into the com- 
bustion chamber, and atomising it. 

Fig. 343 shows an excellent type of fuel valve, the oscillating spindle being 
packed to prevent leakage of air rather than the valve spindle, since in the 
laterally packed type, wear of the spindle causes the valve to stick. With the type 
of valve which opdns into the cylinder, sticking results in the immediate burning 
out of the valve, necessitating a complete shut-down. As the casing of the 
torsional spindle arrangement contains high pressure air, it is expensive to make 
and renders the fuel valve less accessible. 
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On this account attention has been paid to improving the packing and 
lubrication of the laterally packed type, with gratifying results. 

It is customary to fit ball valves in the pipe connecting the fuel pump with the 
fuel valve to prevent drainage of this pipe, 


and also to protect the pump from a blow 
back should the fuel valve stick. 

Cases are on record where the steel fuel valve 
has been burst, and as a safeguard bursting 
discs are often fitted in the valve itself. * 

The double-acting Diesel engine. \ 

The demand for greater power from smaller j 
weight has led to the introduction of double- ; 
acting engines, of which a number have been;; 
made in recent years, and some of these have! 
already been replaced by steam. ♦ 

The position of the cool piston rod in the; 
middle of the lower combustion chamber 
causes the power developed on the underside 
of the piston to be considerably less than on 
the top side. This gives rise to an alternating 
torque with its attendant troubles. 

Those who have seen, or worked on, a large 
double-acting four-stroke marine engine can- 
not fail to be impressed by the tremendous 
mechanical complication, and the difficulties 
of dismantling. In the author’s opinion it 
would appear better to use a two-stroke engine, 
and develop this into a double-acting engine 
should the power not suffice. 

In fact, modem developments indicate that, 
for powers between 10,000 and 20,000 h.p., 
the double-acting two-stroke will be the engine 
of the future where a slow rotational speed is 
necessary, and the price of oil fuel compares 
, favourably with that of coal. 



Comparison between two- and four -stroke engines.* 
Four stroke. 

(1) Better scavenging, hence higher b.m.e.p. 

(2) More flexible. 

(3) Low fuel and lubricating oil consumption. 


* Engineering , June 28, 1918, p. 727; July 19, 1918, p. 01. 
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(4) Less noisy exhaust. 

(5) Compression better maintained than in the two stroke, since the engine 
runs cooler, and the average load on the piston rings is less. 

(6) Weight very little more than of two stroke with all its accessories. 

(7) Gudgeon pin does not present any difficulty of lubrication. 

(8) Open-valve gear wears rapidly in a dusty atmosphere. 

(9) Cylinder wear less than in some two strokes. 

Two stroke. 

(1) Larger power per cylinder. 

(2) Shorter crankshaft and more even torque reduces the risk of torsional 
oscillation, and the size of the flywheel. 

(3) Engine easily reversible. 

(4) Simple symmetrical castings, and no valves to grind in. 

(5) Few spares required. 

(6) Inferior fuel may be burnt, since there are no valves to gum. 

(7) Only three cylinders are required to enable the engine to start in any 
position. 

(8) One of the worst features of the two stroke is the quantity of scavenge air 
required. Leakage of this air through the exhaust ports accounts for a loss of air 
almost equal to 50 per cent of the swept volume of the cylinder. 

(9) In engines using crankcase compression great care must be taken in oiling 
the internal parts, since oil fog is transferred to the upper side of the piston, 
where it is burnt or wasted. It should be observed that the unidirectional forces 
on the connecting rod demand rather more oil than in the case where the forces 
alternate. 

(10) By placing the exhaust ports higher up in the cylinder, and paying par- 
ticular attention to the exhaust piping, it is possible to dispense with both blowers 
and crankcase compression, as in the Petter Harmonic Diesel.* 

The Kadenacy two stroke. f 

In this engine advantage is taken of the momentum of the exhaust gases for 
inducing an air charge into the cylinder through ports which are controlled by 
the movement of the piston. A mechanically operated exhaust valve is fitted in 
the cylinder head, and the exhaust gases are discharged through a fairly large 
bore pipe, the length of which is adjusted to produce the necessary depression of 
pressure in the cylinder. Starting is effected by crankcase compression. 

Supercharging Diesel engines. 

Supercharging an engine may be defined as the artificial raising of the intake 
pressure of the air above atmospheric pressure. 

* See H. O. Farmer, " Exhaust systems of two stroke engines”, Proc. Inst. Mech . Eng. 
vol. cxxxviii, 1938, p. 367. 

t Engineering , February 23, 1940, p. 195. 
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The objects of supercharging are: 

(1) To increase the power of the engine. 

(2) To maintain the power output regardless of altitude. 

(3) To increase the air fuel ratio, and thereby improve the thermal efficiency 
of the engine. 

The methods available for raising the pressure of the air are: 

(1 ) The use of a Ramming pipe on the air inlet, so that the momentum of the 
ingoing air may be converted into pressure energy. 

(2) The use of rotary blowers. 

(3) The use of a piston-type compressor. 

The ramming pipe is simple and effective, but it causes the inlet to be noisy, 
and often it cannot be conveniently accommodated on the engine. 

Rotary blowers offer the most successful solution, but their inertia restricts 
their use to constant-speed engines. In the Biichi system the blower is driven by 
a turbine which operates on the exhaust gases from the engine. Although this 
system involves a higher exhaust temperature, and the use of separate exhaust 
manifolds for every three cylinders to allow the exhaust pressure to* fall 
sufficiently for reasonable scavenging, yet the increased cost and weight of the 
engine is considerably less than that of the extra cylinders to provide the 
additional power. 

In the Werkspoor crosshead type of single-acting four-stroke engine the under 
side of the piston acts as a compressor, and since two compression strokes are 
made on this side of the piston to every one on the power side, the volumetric 
efficiency of the compressor need not be high. 

Solid injection or compression ignition engines (c.i.e.): high speed type. 

When the fuel is injected by air, combustion takes place at approximately 
constant pressure, but with solid or airless injection (introduced by Vickers) 
this is not possible; hence these engines do not operate on the true Diesel cycle, 
although they are, more often than not, referred to as Diesel engines.* 

In the usual arrangement of solid injection engines each cylinder is provided 
with its own cam-driven pump and atomiser, and Fig. 344 illustrates the Bosch 
system, which is widely used.| 

. In size and appearance this pump resembles closely a magneto, and, like the 
magneto, it is driven at half the crankshaft speed for four-cycle engines. 

On full load the injection period occupies only about 25° measured on the 
crankshaft, which is half that on the fuel pump, so, if the entire stroke of the fuel 
pump were used, there would be difficulties with a cam of very rapid lift and 

♦ C. Day, “Heavy oil engines and Diesel engines ”, Proc. Inst. Mech. Eng. vol. exx, p. 713. 

f Proc. Inst. Aut. Eng. vol. xxiv, p. 241 ; Proc. Inst. Mech. Eng. vol. exx, p. 618; “Fuel 
injection equipment”, Proc. Inst. Mech. Eng. vol. cxxxn, 1930; H. O. Farmer and J. F. 
Alcock, “Fuel injection systems for high speed oil engines”, Proc. Inst. Mech. Eng. 
vol. oxx, p. 617. 
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narrow width. This is avoided, and rapid injection initiated by using only about 
half the stroke of the plunger which is so shaped as to control the beginning and 
end of the injection (see Fig. 345). 

Fuel flows into the pump under gravity when the plunger uncovers the suction 
port 2 (Fig. 344) . On the return stroke, this port is masked as the flat-topped plunger 
passes it, so that injection always commences at the same crankshaft angle. The 
quantity of fuel discharged is under the control of a helical groove which is 
machined in the plunger. 1 " When this groove uncovers thesuction port, thedelivery 
is by -passed to the suction line. The angular position of the groove, therefore, 



Fig. 344. 


relative to the suction port, determines the power developed by the engine. It is 
for this reason that tooth gears 4 are provided at the base of the plungers to 
engage with a rack 5 which is coupled to the accelerator pedal or to the governor. 
In addition, some pumps are fitted with a device for automatically advancing the 
period of injection, as the engine speed increases. The spring loaded discharge 
valve 6 carries a small piston beneath its seat, the purpose of which is to 
increase the volume in the delivery pipe immediately the fuel is by-passed. 
This increase in volume permits rapid closure of the atomiser valve, which is 
similar to the Akroyd (see p. 666). 

The fuel injection equipment requires adjustment from time to time to ensure 
that the maximum pressure in the engine cylinder occurs just after t.d.c., and 
the power developed by each cylinder is the same. 

The point at which delivery commences may be noted by removing the dis- 

♦ On the discharge stroke the groove is filled with high pressure oil that causes a con- 
siderable side thrust on the plunger. 
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charge valve, revolving the engine slowly, contrary to its normal direction, until 
fuel oil appears from the supply port on the top of the plunger. Individual 
adjustment of the plunger 5 may be effected by altering the tappet clearance 7. 

The duration of injection can be varied independent of the governor by un- 
clamping the plunger 3 from the governor pinion 4, and revolving the plunger 
to the desired position before re-clamping. The discharge may then be checked 
by passing several pump fulls of oil, against the resistance of the atomiser, into 
a measuring vessel. The exhaust temperature of each cylinder, and vibration of 
the fuel pipes, are the final check on the setting. 

The common rail system of fuel injection. 

To the Royal Aircraft Establishment is due the credit of having produced the 
first really high speed reliable and efficient compression ignition engine. On this 
engine the fuel pressure was raised to about 6000 lb. per sq. in. by a plunger 
pump, prior to storage of the f uel in a steel cylinder from which it was distributed 
to mechanically operated fuel valves, similar to the type shown in Fig. 343. 

For moderate speeds this system serves admirably, but when the complete 
injection period occupies only about three thousandths of a second, mechanical 
difficulties are inevitable. 

Process of combustion in a compression ignition oil engine. 

When the fuel is sprayed into a very dense and highly heated atmosphere a 
delay occurs during which the particles of fuel are being evaporated. The vapour 
must then be brought into contact with 
oxygen, at a sufficiently high tempera- 
ture, before it can burn. It will be seen 
therefore that the delay period depends 
on: 

(1) The ignition quality of the fuel. 

(2) The relative velocity between the 
fuel and air. 

(3) The degree of atomisation. 

(4) The mixture strength. 

(5) The pressure and temperature of 
the air at the point of injection. 

(6) The presence of residual gases. 

Fig. 346, which was taken from Engine- 
ering , January 6, 1939, indicates the 
pressure changes on a crank-angle base, 
and here the delay period is regarded as 
the time interval from the beginning of 
injection to the initiation of an appreci- 
able rise in pressure. Fuel accumulates 



Fig. 346. 
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during the delay period, and the heat and additional turbulence, developed by 
the fuel which was ignited during the delay period, cause very rapid combustion 
of the accumulated charge. This uncontrolled combustion takes place at approxi- 
mately constant volume, and is responsible for a very rapid rate of pressure 
rise; in fact, in severe cases, the Diesel knock becomes audible. If injection 
continues at the end of the uncontrolled combustion stage, the fuel will burn 
at approximately constant pressure as it enters the cylinder. 

The uncontrolled combustion presents designers with a difficult problem, since, 
at the best, it produces roughness of running, and, at the worst, it might be 
responsible for wrecking an engine. 

Obviously, if the accumulation of fuel is prevented, there can be no Diesel 
knock. 

The methods in use to prevent this are: 

(1) To raise the compression ratio, and thereby to produce a temperature 
considerably in excess of the spontaneous ignition temperature (s.i.t.) of the fuel. 

(2) To arrange the injector so that only a small amount of fuel is injected at 
first. Doxfords achieve this by employing two injectors slightly out of phase. 

(3) To reduce the degree of turbulence. 

(4) To use chemical dopes. 

Although increased compression produces higher pressures, it reduces the rate 
of pressure rise, and therefore a smoother engine results. This is just the reverse 
of what is experienced with petrol engines. 

It is very difficult to arrange fuel injection in stages so as to produce a short 
delay period, and the protracted combustion, which takes place at constant 
pressure, lowers the thermal efficiency of the engine (see p. 78). 

To reduce turbulence will of course protract the duration of combustion and 
thereby reduce roughness, but at the expense of torque and thermal efficiency. 

The delay period may be reduced by doping the fuel with about 1 % of ethyl- 
nitrate or amyl-nitrate which accelerate combustion. 

In. petrol engines the tendency of a fuel to detonate is measured by its octane 
number (p. 628). With the compression ignition engine it is measured by its 
cetane number,* which is defined as the percentage of cetane in a mixture of 
cetane and a-methyl-naplithalene which has the same tendency to knock as the 
fuel under examination. 

Combustion chambers*. 

To secure rapid combustion of the fuel, particularly during the constant- 
pressure stage, it is essential that there should be a high relative velocity between 
the air and the fuel, and this may be obtained in the following ways : 

(1) By the use of high injection pressures. 

• Cetane, C 16 H M , is rather a rare solid of the paraffin group. 

f “Combustion chambers injection pumps and spray valves.” Proc. Soc. of Auto. Eng. 
May, 1930. 
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(2) By the use of a pre-chamber, ante-chamber, or air cell, into which the fuel 
is injected. 

(3) By giving the air an organised swirl during induction, so that this swirl 
persists during combustion. Fuel injected direct into the cylinder. 

Method (1) is limited by the elasticity of the fuel and injection system, which 
tendB to upset the timing of the injection. A point is also reached where increase 
in pressure merely breaks up the drops 
of fuel. For engines of reasonable size, 
therefore, it is preferable to use two or 
more atomisers, as in the Doxford engine. 

Method (2) is an extension of the 
Akroyd principle, and has the advantage 
that inferior fuels may be consumed at 
moderate injection pressures, and with 
indifferent injection gear. From Fig. 347 
it will be seen that a quantity of air is 
compressed into the ante-chamber into Fig. 347. 

which is injected the fuel. Rapid expan- 
sion follows, and the partially consumed fuel and air are projected, at a high 
speed, through the pepper castor outlet of the chamber. Although this outlet 
breaks up the stream of combustibles, yet it is responsible for a considerable 
loss of heat, since high speed is just the requirement for rapid heat transmission 
(seep. 715). 

Theoretically the air-cell type of combustion chamber cannot give the same 
thermal efficiency as direct injection, since combustion virtually takes place in 
two stages, as may be observed from an out of phase indicator diagram (Fig. 
348). This is also borne out in practice. Starting is more difficult than in the one- 
stage type of chamber, in spite of the higher compression ratio (about 17 to 1) 
employed, and heat losses are greater. 



Method (3) is the most promising of all, since, by the provision of a deflector 
on the inlet valve (as in the Gardner engine) or the use of a sleeve valve, having 
suitably inclined ports to produce the desired swirl (as in the Ricardo engine, 
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Fig. 350) the velocity of the air can be much greater than that of the fuel, and 
is always proportional to engine speed. The swirling air takes up a particle of fuel,* 
consumes it, and disperses the products of combustion. The rate of pressure rise 
is moderate, and on this account these engines run smoothly, and white metal 
can be used in place of lead bronze. On Gardner engines, with a bore of but 
in., fuel consumptions of less than 0*37 lb. per b.h.p. per hour are realised, 
with a compression ratio of but 13 to 1 . For an engine of this size, this is a re- 
markable performance, and more and more manufacturers are following the lead 
set by this firm in 1929. 

A diagrammatic arrangement of the cylinder head is shown in Fig. 349. 



Fig. 350. 

Comparison between solid and blast injection. 

The advantages of blast injection are : 

(1) The fuel pressure is low, so that extreme precision is not required in the 
manufacture of the fuel pumps. 

(2) Atomisation and penetration of the fuel are far better than in the case of 
solid injection engines, hence combustion may be controlled at approximately 
constant pressure. 

* To avoid rapid dilution of the lubricating oil with fuel excellent sprayers should be 
provided, usually with throe or more holes, so as to distribute the fuel. With sleeve valves, 
however, a single hole is sufficient because of the intense air swirl. 
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(3) The m.e.p. developed is higher in consequence of the blast air, and the 
more perfect combustion. 

(4) The control of the engine is more perfect, even with low compression 
pressures. 

Disadvantages : 

(1) The system is expensive and complicated. 

(2) Adiabatic expansion of the air through the fuel valve lowers the tem- 
perature locally, and this has a deleterious effect on the process of combustion. 

(3) Unless the blast pressure or the fuel valve lift is reduced - , air is wasted on 
light loads. 

(4) No serious objection can be raised to the three-stage air compressor, 
because in any case starting air is required. 

(5) The weight of the machinery is increased by about 5000 lb. on a hundred 
h.p. engine. 

Advantages and disadvantages of solid injection. This system merits 
simplicity, oil of specific gravity in excess of 0-93 may be burnt, and in all but 
high-powered engines it has driven the blast-injection system out of the com- 
petitive field. 

Penetration is not as perfect as with blast injection, and the elasticity of the 
fuel and pipe line sometimes cause timing troubles on light loads. On two- 
stroke engines the system is ideal, as it dispenses with the cam shaft. 

In spite of the reduction in the number of working parts, it has not yet been 
possible to obtain as high a b.m.e.p. with solid injection as with blast injection. 

Mixture strength. 

Imperfections in mixing the fuel and air, and the desirability of suppressing 
Diesel engine knock, demand that the air supply shall be in excess of the minimum 
required for the complete combustion of the fuel. If an attempt is made to inject 
more fuel than will combine with about 75 % of the air present, the exhaust 
becomes smoky. 

As the amount of fuel injected is reduced, the cylinder temperature falls, and 
the delay period is increased; for this reason the injection should be advanced 
on reduced loads. 

Optimum compression ratio. 

With large Diesel engines it is not possible to handle forces greatly in excess 
of one hundred tons per piston ; for this reason the compression pressure should 
be as low as reasonable combustion, on reduced load, will allow. As a further 
safeguard mechanically operated fuel valves are to be preferred on this type of 
engine. 
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On high-speed engines, to provide for the pressure contingency of a stuck 
atomiser needle, or the initiation of an injection due to a pressure surge in the fuel 
pipes, it is customary to limit the maximum pressure to 900 lb. per sq. in. This 
pressure would be produced in an engine having a compression ratio of 8 : 1 , if all 
the fuel were burnt at constant volume. 

By arranging a portion of the combustion to take place at constant pressure, 
the compression ratio may be increased without increasing the maximum pressure 
developed. As, however, this results in a reduction of the expansion ratio, the 
thermal efficiency is less than if the Otto cycle had been followed. 

Practical objections to high compression pressures are increased wear and tear, 
the difficulty of maintaining the pressure, and the sensitivity of the engine to 
correct timing of the injection. 

High-speed engines for high altitudes.* * 

The direct effect of altitude is to reduce the intake pressure and temperature 
and the weight of aspirated air; hence the fuel injected must be reduced in the 
same proportion. This lowers the temperatures throughout the cycle, and pro- 
duces unsatisfactory running, especially on light loads. For this reason it is 
customary to raise the compression for each 2000 ft. increase in altitude by a 
change of pistons. In the absence of heat losses the higher compression would 
.produce a higher temperature than with the normal compression at sea level, 
but heat leakage has a greater effect on the temperature of a small mass of air 
than on a large mass; hence the higher compression allows the engine to perform 
as well at an elevation as at sea level, although, of course, less power is developed. 

Comparison between petrol and compression ignition engines. 

Although the compression ignition engine is more expensive in first cost than 
the petrol engine, and each repair is more expensive in consequence of the higher 
grade of materials and workmanship, and the fewer engines in use, yet, for trans- 
port work, it will run almost twice as far on one gallon of cheap Diesel oil, as a 
petrol engine will on one gallon of expensive petrol, and, with care, more than 
150,000 miles may be run without a major repair. 

The higher ratio of maximum pressure to m.e.p. necessitates the compression 
ignition engine being heavier and stronger than a petrol engine of equal power, 
when constructed of the same materials. In aircraft engines the reverse obtains. 

Since the c.i. engine can consume only 75 % of the aspirated air, it means that 
a petrol engine of equal cylinder capacity with a volumetric efficiency of 75 % 
would develop the same power if their thermal efficiencies were comparable, and 
the fuels had the same calorific values. Of course the lower compression of the 
petrol engine prevents this. 

* Por A. J. Begg of L. Gardner and Sons. 
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Acceleration of the c.i. engine is superior to that of the petrol engine, since a 
change in the quantity of fuel supplied may take place instantaneously, whereas 
the carburettor hampers a petrol engine, particularly when the engine is cold. 

The greater expansion ratio of the c.i. engine produces a lower exhaust tem- 
perature and pressure. On reduced load the petrol engine is superior to the c.i. 
engine, because of the better mixing of fuel and air and the fact that the small 
quantity of fuel injected in the c.i. engine and the short period of injection show 
up imperfections in the injection gear. Curiously enough the c.i. engine starts 
more easily than the petrol engine. 

Testing oil engines. 

The procedure during a test of course depends upon the size of the engine and 
the equipment available, and upon its power and speed. Testing a 20,000 h.p. 
engine, running at 80 r.p.m.; is a very different problem from that of a 20 h.p. 
engine running a 2000 r.p.m. 

Particulars of tests on large engines are given in the report of the “ Marine 
Oil-Engine Trials Committee , \ Proc . Inst. Mech. Eng. 1924. For small engines 
the tests are very similar to those outlined for petrol and gas engines. 

The greatest difficulties encountered in testing single-cylinder slow-speed 
engines are of estimating the heat loss in the exhaust, and the air consumption. 
Pressure pulsations rule out an orifice tank (see p. 657), and they cause difficulties 
in obtaining a representative sample of exhaust gas for chemical analysis, whilst, 
for the amount of information it yields, an exhaust calorimeter is an expensive 
piece of apparatus. 

The only other method is to employ a light spring indicator, and check the 
information it gives by the Orsat apparatus, thus: 

Estimation of the volumetric efficiency and the air consumption of an 
oil engine from a light spring diagram*. 

For this determination the barometric pressure must be known, and a light 
spring indicator diagram must be available. 

From Fig. 351 the apparent volumetric efficiency is IjL, but, to obtain the 
true volumetric efficiency the aspirated volume at state p 2 v 2 T 2 must be reduced 
to n.t.p. condition p x v l T 1 by using the relation 

P\Vi ^ P 2^2 

T x 1,' 

T 7 } 

Reduced volume = v, = v. )r I x . (1) 

1 Pl ' ’ 

The ratio ~ may be eliminated from (1) by establishing, on the indicator 
diagram, the standard atmospheric line, see Fig. 351. 

Charge volume i> 3 = ^ V +v c and when reduced to n.t.p. it becomes 

273 

Vl ~ Ts tV 

* For a more exaot analysis see p. 598. 
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The charge consists of residual exhaust gases, and aspirated air, which at 

point 3 share a common temperature T s and volume v s . 

T T l 

vJ* v c 4- 0 * x aspirated volume at n.t.p. == y V 4 v c . 

J q Jt O -L/ 

Dividing throughout by swept volume V, and re-arranging, 

Volumetric efficiency = ^ - 4 y 1 1 — j J . 

At the end of the suction stroke Professors Callendar and Dalby found the 
temperature was about 80° C. so that T 8 353° C. and T c will be about 650° C. 
on normal load. 


Compression Curve 


Exhaust Temp. TJ 

Standard Atm. Line 
Actual Atm. Line— I 



147 Lb 
per Sq. In 


L Clearance Vol.u c n — Swept Vol.I/ 

Kip. 351 

To check the accuracy of the flue gas analysis given by the Orsat 
apparatus. 

For an engine of good design the thermal efficiency, on the i.h.p. basis, should 
be sensibly constant at constant speed N, whence 
(i.m.k.p.) LAN n 

T XT p — — V " 

1,H - “ 33,000 2 

Fuel in lb. per min. x Calorific value in o.h.tt. x Thermal efficiency x 1400 
= 33,000 

( 1 ) 

where n is the number of cylinders of the four-stroke engine tested. 

i.m.e.p. = A(Fuel per min.). (2) 

Hence a linear relation should exist between i.m.e.p. or i.h.p., and the fuel 
consumption in lb. per min. This is the equivalent of Willans’ line for a steam 


I.H.P. = 


engine. 

Now the analysis of an average Diesel oil is C, 86‘7 %; H, 12*5 %; S, 0’64, and, 
when this is burnt with a minimum quantity of air, the volumetric analysis of 
the result ing products of combustion is approximately C0 2 , 15-4; N 2 , 84*6. 
With no fuel the N 2 content is 79 %, so that the N 2 content of the exhaust gas is 
not susceptible to any great change, and may be taken as 84 %, whence 
The weight of air per lb. of fuel when burnt completely (see p. 514) 

84 x 86-7 _ 220 

~ 33C0 2 ~C0 2 ' 1 ' 

At constant speed the volumetric efficiency will be fairly constant, and, as a 
consequence, so will be the rate of aspirating the combustion air. 
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. Fuel in lb. per min. 

Apirated air in lb. per min. 
Air per lb. of fuel 

By (4) in (2), 


Aspirated air in lb. per min. x C0 2 
220 ’ 


...(4) 


I.M.E.P. = 


K x Aspirated air in lb. per min. x C0 2 
220 ~ 


Hence a linear relation should exist between i.m.e.p. and the C0 2 content of 
the flue gas. The same relation holds for the oxygen content. 

When the C0 2 content is zero, 0 2 should be 21 % and the i.m.e.p. should be 
zero. With a minimum quantity of air the C0 2 content should be 15*4 %, the 0 2 
zero and the i.m.e.p. a maximum. 

Experiments conducted bv the author verify this elementary theory for four- 
stroke engines. 


Measurement of fuel consumption. 

For engines which develop less than 100 h.p. the simplest, and most accurate, 
method of obtaining the fuel consumption is to support the fuel tank on a weighing 
machine, and discharge the fuel to the engine through a slow opening valve, or 
tap, into a closed funnel which carries a glass tube at its upper end (see Fig. 352). 



At the commencement of the trial, the fuel level is brought up to a mark on 
the glass tube, and the rate at which the fuel discharges from the tank on the 
weighing machine is adjusted so that the level is more or less maintained in this 
tube. Immediately before the trial ends the fuel is raised to the mark on the 
glass neck, and the supply from the tank is then cut off. The fuel consumption is 
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then obtained by subtracting the weight of the fuel and tank, at the end of the 
trial, from that at the beginning, the time to discharge this mass of fuel being 
noted. 

Note. The Heat Engine Trials Committee recommend the use of the gross 
calorific value of the fuel for the computation of thermal efficiency. 


Ex. Diameter of an oil engine cylinder. (T.M.E.) 

Find the diameter of the cylinder of a single-acting Diesel engine, working on the four- 
stroke cycle, with combustion at constant pressure, which is required to give 50 l.u.r. 
at 200 r.p.in., from the following data: Compression ratio, 14:1; Fuel cut off, 5 % of 
the stroke; Index of compression curve, 1*4; Index of expansion curve, 1*3; Pressure 
at the beginning of compression, 13-5 lb. per sq. in.; Ratio of stroke t o bore, 1-5 to 1. 

From the indicator diagram shown on p. 7b the positive work done 


= -«,) + 


Pz V *~~P4 V l 
n^ l ~ * 


___ , _ . ptyViy P\ 

The negative work on compression = 

They 1 


Also 


Also 


p 2 = 2 “ 13*5 (14) 1 ' 4 = 543 ib. per sq. in., 

/ Wv M i / Vo ?; 2 V l i 

*-4:) =4: *»:) • 

Va-y 2 = Vtlv t - 1 = oog 
v t -v 2 vjv 2 -l 

- 3 = 0-05(14 -1) + 1 = 1-65, 


k<o A-esy- 8 

whence p 4 = 5431 J 

Net work done per cycle 


33-7 lb. per sq. in. 


= 144?q 


nrn + j4 ^i4 14 / i-4-i 


^=9180v x ft.-lb. 


whence 


, , , , . 50 x 33,000 n 

Work to be developed per cycle = -|qq = lb, 500 it.-Ib., 

WO" - 180 

13 

Swept volume = -— x 1-8 = 1 -67 cu. ft. 

Stroke = diameters. 

— xb= 1-67x1728, 13-5 in. 

4 2 
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Ex. Air supplied and heat loss in exhaust. (B.Sc. 1936,) 

The fuel supplied to a Diesel engine has a gross calorific value of 10,720 c.H.u. per lb. 
and contains 85*4 % C. and 12*27 % H 2 . The average temperature of the exhaust gases 
is 261° C. and their volumetric analysis gives C0 2 , 5*77 %; CO, 0*12 %; 0 2 , 13*09 %; 
N 2 (by difference), 81*02 %. Find 

(а) The heat carried away by the exhaust expressed as a percentage of the heat 
supplied, and 

(б) The weight of air per pound of fuel in excess of that theoretically required for 
complete combustion. 

Take the mean specific heat of the dry exhaust gases as 0*235 and atmospheric tem- 
perature as 16° 0. (Air contains 23 % by weight of oxygen.) 


The weight of air supplied per lb. of fuel, see p. 514 = 

100 r~32 

Minimum air required = — x 0-845 + 8 x 0-1227 


23 |_12 ' 


’] 


81*02x85*4 
33(5*77 + 0*12) 


Excess air 

Total weight of exhaust gas per lb. of fuel 
Steam formed = 9x 0*1227 


= 35*6 lb. 
= 13*87 


= 2173 

= 36*6 
= 1*103 


Weight of dry gas 


^ 35*5 


We do not know the partial pressure of the steam, but the total heat at the true 
pressure of the steam will not differ greatly from that at atmospheric pressure; hence 
the total heat in the steam 


1*103[(639 - 16) + 0*48(261 - 100)] = 774 

Heat in dry products = 35*5 x 0*235[261 - 16] = 2 042 

Total heat in exhaust = 2816 


2816 

Percentage heat loss = x ^ == %• 


Ex. Diesel engine trial. (B.Sc. 1930.) 

The following set of observations refer to a trial on a single-cylinder four-stroke 
solid injection oil engine of 7| in. bore and 15| in. stroke : m.e.p. gross, 91 *2 lb. per sq. in. ; 
M.E.P. pumping, 6*5 lb. per sq. in. ; speed, 262 r.p.m. ; Brake torque, 345 lb. ft. ; Fuel used, 
8*47 lb. of oil per hour of gross calorific value 1 1,140 o.h.tj. per lb. ; Cooling water, 13*5 lb. 
per min. raised 46° C. 

Draw up a heat balance sheet for the trial giving heat quantities in pound calories 
per minute, and calculate the mechanical and thermal efficiencies of the engine. 

If the fuel contained 13*5 % hydrogen (by weight) and the air supply to the engine 
measured 3*76 lb. per min. at 15° C., estimate the heat carried away per minute by the 
exhaust gases when their temperature is 283° C. (Assume a mean specific heat of 0*238.) 


Gross m.e.p. = 91 *2 
Pumping m.e.p. = 6*5 
Net m.e.p. = 84*7 


t i • x j i . , 84*7 rrx7*875 2 15*75 262 CAf7 

Indicated work per minute = --- - . x --a- x = 507 o.h.u. 

1400 4 12 2 


Brake work per minute = 


2nx 262x345 


1400 


= 406 o.h.u. 
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Mechanical efficiency = ~ = 80 %. 

Fuel per minute = = 0*141 1 lb. 

Air per minute = 3-76 

Fuel + Air = 3+oTl lb. 

Steam formed = 0*1411 x 0*135 x9 = 0*1715 

Dry exhaust gas = 3*7296 lb. 

Heat lost in dry exhaust relative to 0° C. =* 0*238 x 283 x 3*7296 
Heat in steam =£ 2 = 727 x 0* J 715 
Total loss relative to 0° 0. 

Sensible heat in fuel and air entering the etogine 

=£= 15[3*76 x 0*238 + C p x 0*1411] 


8*47 1 

Heat supplied per minute = x 1 1,140 *= 1573 c.h.it. 


Heat to cooling water = 13*5 x 46 t 621 

Heat to exhaust *= 360 

HeattoB.H.P. c= 406 

Heat unaccounted for = 186 


251 

124*8 

375*8 

15*5 

360*3 


Ex. Diesel engine. Thermal efficiency. Cylinder temperature. Heat accounted 
for. (B.Sc. 1929.) 

The indicator diagram reproduced below and the following particulars refer to a trial 
on a single-cylinder Diesel engine: Diameter of piston, 6*5 in. ; Stroke, lOf in.; Compres- 
sion ratio, 14-3; Speed,256r.p.m.; Oil, 4*35 lb. per hr.; Calorific value = 9500c.h.u. per lb. 

(а) Find the thermal efficiency. 

(б) If the compression begins at 0*04 stroke and the conditions are then 90° C. and 
13*5 lb. per sq. in., calculate the temperature of the cylinder contents at point p. Take 
blast air equal to 10 % by weight of main air and neglect molecular contraction. 
R for air = 96. 



(c) Find what proportion of the heat of the fuel injected is accounted for at point p 9 
assuming constant specific heat. 


Work done per minute = 
Heat supplied per minute 


109 x 10*625 x n x 6*5 2 x 256 
12x4x1400x2 

4. OK 

X 9500 = 689. 
oU 


; 292*5 C.H.U. 
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292*5 

Thermal efficiency = x 100 = 42-4 %. 


Swept volume = 


689 

ttx6-5 2 x 10-625 


- = 0-204 cu. ft. 


4x1728 

If the compression ratio is based on the volume trapped in the cylinder when the 
valves are just closed: 

Volume at commencement of compression = 0-96 x 0-204 = 0-1957 

0-1957 +v r 
— • .. v c 

V c 


14-3 


0-01471 


Total cylinder volume v 1 at the commencement of compression = 0-2104 


Prior to fuel injection, 

After fuel injection. 
From the diagram, 


= w 1 RT v 

Pl = 13-5, T t = 363. 
Pi v z - w 2 RT 2 . 


-d) 

•(2) 


-(* 
v 2 = [0 


x 400+ 13-5 


0-28 

01471+ ~"x 0-1975 


512-5, 

>0 


02951. 


w 2 = l , lw 1 + Weight of injected fuel. 


By equations (1), (2) and (3), 

13*5 x 0-2104 




•(3) 


1 363 

512-5 x 0-02951 ~ 1-1 X T 2 ’ 
Temperature at (2) = T 2 — 1752° C. absolute. 


Weight of fuel per stroke = 


4-35x2 


1 


60x256 1765 


lb. 


Heat supplied per stroke = 


9500 

1765 


= 5-38 C.H.XJ. 


Neglecting losses, this heat should equal C„[T 3 — T 3 ]w 3 , where T 3 is the temperature 
at the end of blast injection, but prior to combustion; and taking Ps = p 2 , 


Pi v 0 = w 3 RT 3 


But 


P z = , 

w 9 R v 9 


T a 


3 ’*- ,762)< ^2S|- 8TC ' 


^ hlw _ ft _ 1-1x13-5 X144X 0-2104 _ . 

w 2 1 1 1 Rl\ x 1 1 “ 96 x 363 - 0 01 lb ' 

w t C P [T 3 -T 13 ] == 0-01293 x0-238[1752- 875] = 2-7 c.h.u. 

2*7 

Proportion of heat accounted for = — ^ =^50 %. 

O*uo 
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Ex. Still engine trial. 


(Senior Whitworth 1924.) 


The exhaust gases of a Diesel engine were used to raise steam at a pressure of 140 lb. 
per sq. in. gauge. This steam was used on the underside of the Diesel engine piston, and 
the M.E.P. referred to the oil engine volume was 0*6 lb. per sq. in. The results of the test 
were as follows: r.p.m., 122; b.h.p., 1250; Total i.h.p., 1425; Average m.e.p. of oil engine, 
77*8 lb. per sq. in.; Average m.e.p. of steam engine, 60 lb. per sq. in.: Oil used per b.h.p. 
hour, 0*356 lb. of net calorific value 10,000 c.ji.tt.; Steam used per hour, 2400 lb. Find 

(а) The overall thermal efficiency of the plant. 

(б) The thermal efficiency of the oil engine side on an i.h.p. basis. 

(c) The thermal efficiency of the steam side. 

(d) The total heat per minute from the oil which was not converted into useful work 
or in raising steam. 


Overall thermal efficiency = 


b.h.p. x; 33,000 x 60 
1 400 x Heat in fuel in o.h.u. 


1250 x 33,000 x 60 x 100 
1400 x O-350X 1 250 x 1 0,000 


39*77 %. 


i.h.p. oil engine side = 
I.H.P. steam engine side = 


„ o LAN 
77-8 * 33,000 
„ LAN 
bX 33,000 


= Kx 77-8. 
— Ax 6*6. 


Since the steam engine, like the oil engine, is single acting, and the Still oil engine is 
a two-stroke, 

Total i.h.p. = 1425 = A[77-8 -f 6-6]. .*. K = 16-88. 

i.h.p. of oil engine = 16*88 x 77*8 = 1312*5 
i.h.p. of steam engine = 16*88 x 6*6 — 1 12*5 

1425 * 1 ) 


. .. 1312*5x33,000x60x 100 

Thermal efficiency oil engine aide = x 1250 x 10 ;otS> = 41 7 V 

Steam used per hour = 2400 Jb. 

Total heat in steam at 140 lb. per sq. in. — 666*2 c.H.u. 

If the engine works with a 26 in. vacuum, the sensible heat 

in the condensate = 51*0 


— 615*2 oji.u. 


Heat supplied per lb. of steam 

, ^ 112*5x33,000x60 tA „ 0 , 

Thermal efficiency steam engine side = f 400 x ?400 x 615*2 = 10 /7 /o ' 


, . r . 33,000 

Heat used m b.h.p. of engine = 12o0 x - * - 


= 29,450 


Heat used in raising steam that is not converted into b.h.p. 

_ 615*2 x 2400_ 1124>x 33,000 x 1250 ^ 00 

~ 60 ’ 1400x1425 


Total heat to b.h.p. and in raising steam 

, , (0*356x10,000x1250) 

Heat not so employed = 


= 51,740 


— 51,740 = 22,360 o.h.u. per min. 


WHS 


44 
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Ex. Supercharging an oil engine. 

A mining company removes its machinery from an old mine, where the average 
barometric pressure was 29 in. Hg, to a new mine situated at an elevation of 5000 ft. 
•above the old mine. 

If, at the old mine, the engines developed 400 b.h.p., what will they develop at the 
new? 

Allowing a fall of l in. in the barometer, for each thousand feet rise, determine the 
size and power of a supercharger which will restore the engines to their initial power. 

An average Diesel engine consumes between 0*4 and 0*5 lb. of fuel oil per b.h.p. per 
hour, and each lb. of oil requires about 200 cu. ft. of air at n.t.p. for its consumption. 
Hence air per minute consumed at the old mine 

= 045 x 200 x ™ x ~ = 621 cu. ft. 

00 29 

At the new mine this volume becomes 


621 x 29 
29 — 5 

621 


= 750 cu. ft. 


Hence the power is reduced to x 400 = 331 b.h.p. 


The supercharger must handle 750 cu. ft. of free air per minute and this will absorb 
power to the extent of 


750 x 


5^ 14-7 x 144 

30 X ' 33~000 


8 i.ii.p. 


Allowing for the efficiency of the blower, the input h.p. will be much greater. 


Ex. Variable specific heats. (B.Sc. 1936.) 

A compression ignition oil engine has a compression ratio of 14 : 1 and fuel injection 
ceases at 4 % of the stroke. Heat addition is partly at constant volume, and partly at 
constant pressure, and the maximum pressure is 650 lb. per sq. in. Assuming that com- 
pression begins at the end of the stroke and that the pressure and temperature are then 



Volume 


13*2 La. per Sq.In. 
85 °C. 

273 

358jC. Absolut t 


Fig, 354. 
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13-2 lb. per sq. in. and 85° C. respectively, find the temperatures: 

(а) At the end of adiabatic compression. 

(б) At the end of heat addition at constant volume. 

(c) At the end of heat addition at constant pressure. 

Take air as the working agent and a constant value of y ~ 1*4 during compression. 
Estimate the heat energy supplied per pound of working agent, assuming that the 
true specific heat at constant volume at absolute temperature T is given by 

C v = 0*171 + 10*7 x 10~ 9 T*. 

_i_ 

T 2 = 358(14)** - 1030° C. absolute, 


p 2 = 13*2(14) 14 = 532 lb; per sq. in., 
T t = IfU x 1030 = 1257°C. absolute, 

oSJj 


T 4 = 1257 X; 


Z±*-14. 

V r 


v n 


= 13. 


Vi = 0-04 F -f v c = (0-04 + *) F. 

- 4 = (0-04+ A) x 13 = 1-52. 

»’ S 

T, = 1257 x 1-52 = 1913° C. absolute. 


Heat added per lb. of fluid at constant volume 

J 1257 /* 12.>7 

C v dT= (0-171 + 10-7 xlO- B T 2 )dT 

1030 J 1030 

■1 71 T+ 3-566 x 


- 0- 


m 


1257 

030 


= 4H) 


(C v 


96 




C\ = 0-2396 + 10*7 x 10~ 9 T 2 . 

\ Heat added at constant pressure 

t l rp \ 3— 11913 

0-2396T+ 3-566 x J 1257 = 

Total energy supplied per lb. = 217-3 o.h.tj. 
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EXAMPLES 

1. Scavenging two strokes. (I.M.E.) 

Describe briefly the principal methods adopted for charging and exhausting the 
cylinders of two-stroke engines, indicating the means by which the scavenge air is 
provided. 

2. Fuel pumps. (I.M.E.) 

Describe, with sketches, one type of fuel pump for a high-speed compression-ignition 
engine, explaining carefully how the oil charge is adjusted to the load. 

3. Solid and air injection. (I.M.E.) 

Describe carefully, and compare the relative advantages of, the ideal cycles of 
operation of air-blast Diesel engines and solid injection engines. 

4. Semi -Diesel. 

What methods would you adopt to reduce knocking in a semi- Diesel engine which 
operates on paraffin ? 

5. Injection systems. 

Compare, from every aspect, solid injection with air injection as a means of supplying 
tho fuel to compression ignition engines. 

If one method is superior to the other, why is it not in general use? 

6. Marine oil engine. (I.M.E. April 1937.) 

Interna] combustion engines using liquid fuel now cover a wide field of power pro- 
duction. Distinguish broadly between the various types and indicate their special 
fields of application. 

State briefly the factors to be taken into account in design of an oil engine suitable 
for marine purposes. 

7. Types and applications of oil engines. (I.M.E. October 1938.) 

Internal combustion engines using liquid fuel now cover almost the whole range of 
power production. Distinguish broadly between the various types and indicate their 
special fields of application. 

Describe any test on an internal combustion engine that you have personally carried 
out, giving the points of importance (a) in the performance, (6) the method of carrying 
out the observations. 

(B.Sc. 1934.) 

8. Write a short essay on either A practical standard curve of reference for the per- 
iormance of petrol engines, the reasoning upon which it is based, and the manner in which 
it has been derived; or A double-acting oil engine for marine or stationary purposes, 
with special reference to the forms of its combustion chambers and its injection gear. 
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9. Marine oil engine. (I.M.E. October 1930.) 

Describe the essential features of some one type of marine oil engine, suitable for a 
cargo vessel, including the arrangements for reversing and manoeuvring. 

10. Marine oil engine. (I.M.E. October 1937.) 

Write a short essay on either A double-acting oil engine for marine or stationary 
purposes, with special reference to the forms of combustion chamber and the ignition 
gear; or Liquid fuels for internal combustion engines. 

(T.M.E. April 1937.) 

11. Sketch on a crank base the probable form of the pressure curve to be expected 
from a compression-ignition oil engine, and mention the important points to be noted 
on such a curve. 

12. Process of ignition with air swirl. (I.M.E. April 1936.) 

Describe the stages in the process of fuel ignition in a compression-ignition engine 
and discuss the effect on them of air swirl in the cylinder. 

(I.M.E. October 1937.) 

13. Write a short essay on the process of combustion in airless injection engines burning 
heavy oil, giving the chief differences in the characteristics of these engines and those 
of petrol engines under varying loads at constant speed, 

(T.M.E. April 1938.) 

14. Discuss fully, with the aid of curves, the differences in the characteristics of 
petrol engines and oil engines respectively, especially in relation to their application 
to road transport. 

(I.M.E. October 1936.) 

15. Discuss the characteristics of the following fuels for use in internal combustion 
engines: petrol, kerosene, alcohol, crude oil. 

Describe the essential features of the engines for which they are suitable. 

16. Discuss the merits of air swirl in airlefis- injection oil engines, and the methods in 
use to secure this swirl. 

17. Clearance volume and compression temperature of a Diesel engine. 

The cylinder of a Diesel engine is 16 in. diameter and the stroke is 22 in. At the 
beginning of the compression stroke, the pressure of the air is 17 lb. per sq. in., and its 
temperature 18° C. The pressure at the end of compression is 500 lb. per sq. in. 

Assuming adiabatic compression, determine (1) the clearance volume, (2) the com- 
pression temperature. C v = 0-238, C v = 0-17. Ans. (1) 0-252 cu. ft. ; (2) 492° C. 

18. Fuel consumption on gross and net I.H.P. basis. 

At full load the i.h.p. of a Diesel engine was 690. The i.h.p. of the compressor was 
39-9, and the fuel oil used was 224 lb. per hr. The lower calorific value was 10,450 c.h.u. 
per lb. Calculate the fuel consumption per hour per gross i.h.p., and per net i.h.p. 
Find also the corresponding thermal efficiencies. 

Ans . 0-307 lb., 44%; 0-3248 lb., 41-6%. 
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19. Volumetric efficiency. (I.M.E. April 1936.) 

Explain what is meant by the volumetric efficiency of an engine. 

An analysis by volume of the exhaust gas of a single- cylinder oil engine working on 
the four-stroke cycle with a power-stroke energy cycle gave the following results: 
C0 2 , 7*1 %; 0 2 , 10*9 %; N 2 , 81*9 %. The analysis of the fuel by weight was: C, 87 %; 
H 2 , 13 %. 

The stroke volume of the cylinder is 0*25 cu. ft. If the engine developed 20h.p. at 
500 r.p.m. with a consumption of 0*4 lb. per h.p. per hr., calculate the volumetric 
efficiency. The volume of 1 lb. at n.t.p. is 12-36 cu. ft. Ana . 80*2 % . 

20. Replacement of water wheel by an oil engine. 

A company, which treats the “tailings” from local mines, drives its machinery by 
means of an overshot water wheel 15 ft. in diameter. Water, under a head of 2 ft., is 
supplied to the wheel through a sluice 3 ft. wide and 4 in. high. Determine the h.p. of 
an oil engine which could take over the load during a drought. Ana . 14 h.p. 

21 . Cylinder dimensions for a two-stroke Diesel engine. 

Calculate the cylinder dimensions for a twin-cylinder two-stroke Diesel engine which 
has to lift 40,000 gallons of water per hour against a total head of 250 ft. Take 
the b.m.e.p. as 40 lb. per sq. in.; stroke is one and a hall' times the bore; pump 
efficiency = 50 % when driven directly at 250 r.p.m. Ana. 12 in. 

22. Ideal efficiency. (B.Sc. 1924.) 

The ratio of weights of air and fuel supplied to a Diesel engine is 50. Calorific value 
of fuel == 9000 C.H.u. per lb. Compression ratio = 14. Temperature at beginning of 
compression = 60° C. What is the ideal efficiency of the engine? (For air, C v = 0*238, 
C v = 0*169.) Ana. 60*8%. 

(B.Sc. 1931.) 

23. The swept volume of a 'mixed cycle oil engine is 805 cu. in. and the clearance 
volume 70 cu. in. An indicator diagram shows a mean effective pressure of 91 lb. per 
sq. in., the pressure at the end of compression is 385 lb. per sq. in., the maximum 
pressure is 570 lb. per sq. in., and cut off of fuel occurs at 4 % of the stroke. Assuming 
that compression begins at the beginning of the stroke and that the pressure and tem- 
perature of the cylinder charge is then 14 lb. per sq. in. and 90° C., find the temperature 
(1) at the end of compression, (2) after heat addition at constant volume, (3) after heat 
addition at constant pressure. 

24. Mean effective pressure and indicated horse -power of Diesel engine. 

(B.Sc. 1930.) 

A Diesel engine has a bore of 10-5 ip., a stroke of 15*0 in. and runs at 260 r.p.m. If 
the compression ratio is 13*9 and the cut off takes place at 5*2 % of the stroke, estimate 
the approximate m.e.p. and the i.h.p. of the engine. 

Assume a compression law of pv 1A = c and an expansion law of pv lz = c, and that 
the pressure at the commencement of compression is 13*7 lb. per sq. in. 

Ana . 65*1 lb. per sq. in.; I.H.P., 27*73. 
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25. Bore and stroke of a Diesel engine. (B.Sc. 1925.) 

Calculate the bore and stroke of a Diesel engine which will develop 25 i.h.p. at 
300 r.p.m. and will have a compression ratio of 14; cut off 4*5 % of the stroke. Take 
the stroke as 1*25 times the diameter, and assume for the compression and expansion 
curves indices of 1*4 and 1*3 respectively and a pressure at the beginning of com- 
pression of 13-5 3b. per sq. in. Ans . 10£ in. ; 12} in. 

26. Oil engine test. (I.M.E. April 1938.) 

Make a list of all the observations necessary iq a test on a single- cylinder oil engine 
to establish a heat balance. 

Explain clearly one method of obtaining the air consumption of the engine. 

The heat given to the circulating water will indude some of the energy used in over- 
coming the mechanical losses of the engine. Discuss this and its relationships to the 
heat balance. 

27. Oil engine trial. (B.Sc. 1936.) 

Write down a list of the observations you would make in carrying out a trial on a 
single- cylinder oil engine developing about 20 h.p. at 250 r.p.m., and describe with the 
aid of sketches how you would measure the air consumption. 

Show how you would use these results to draw up a complete heat balance sheet. 
You may assume that the calorific value and the analysis of the fuel are known. 

28. Oil engine trial. (B.Sc. 1935.) 

In a test of an oil engine under full load conditions the following results were obtained : 
t.h.p., 30*2; n.H.r., 24*8; Fuel consumption, lb. per hr., 12*2; Calorific value of fuel oil, 
10,280 C.H.U. per lb.; Inlet and outlet temperatures of cylinder circulating water, 
15*5° C. and 71*2° C. respectively; Rate of flow, 10*1 lb. per min.; Inlet and outlet 
temperatures of water to exhaust calorimeter, 15*5° C. and 54*4° C. respectively; Rate 
of flow through calorimeter, 17*8 lb. per min.; Final temperature of exhaust gases, 
82*2° C.; Room temperature, 17° C.; Air/fuel ratio by weight, 20. 

Draw up a heat balance for the test in c.h.xt. per minute, and give the thermal and 
mechanical efficiencies. 

Take the mean specific heat of the exhaust gases including vapour as 0*24. 

Ans . Heat in fuel, 2090 ; Heat equivalent of b.h.p., 584 ; Heat to cooling water, 563 ; 
Heat to exhaust calorimeter, 692; Heat in exhaust gas, 67; Mechanical efficiency, 
82%; Thermal efficiency, b.h.p. basis, 27*9%. 

29. Oil engine test. (I.M.E. October 1938.) 

In a test of an oil engine under full-load conditions thefollowing results were obtained: 
i.h.p., 45; b.h.p., 37; Fuel, 18*5 lb. per hr.; Calorific value of fuel oil, 10,280 c.h.u. per lb.; 
Inlet and outlet temperatures of cylinder circulating water, 15° C. and 71° C.; Rate 
of flow, 15 lb. per min.; Inlet and outlet temperatures of water to exhaust calorimeter, 
15° C. and 55° C. Rate of flow through calorimeter, 27 lb. per min.; Final temperature 
of exhaust gases, 82° C.; Room temperature, 17° C.; Air/fuel ratio by weight, 20. 

Draw up a heat balance for the test in c.h.xt. per minute and give thermal and 
mechanical efficiencies. 
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Take the mean specific heat of exhaust gases including vapour to be 0-24. 


Heat to b.h.p. 

873 

27-5% 

„ „ F.P.H. 

188 

6-0 

„ „ cooling water 

840 

26-5 

„ ,, exhaust 

1181 

37-2 

Radiation less piston friction transmitted 
to the cooling water, etc. 

88 

2-8 


3170 

100-0% 


30. Diesel heat balance using exhaust calorimeter. (B.Sc. 1933.) 

In a test on an oil engine the heat in the exhaust gas was measured by means of a 
calorimeter which consisted of a number of water-cooled tubes; in this the gas in passing 
through the tubes had its temperature lowered while heating the water. 

When the engine was developing 1 1*3 b.h.p. the water absorbed heat at the rate of 
107 c.H.ir. per min., and the observed gas temperatures were, at exit from the cylinder 
309° C., at inlet to the calorimeter 257° C., and at exit from the calorimeter 145° C.; 
laboratory temperature, 18*6° C. 

Find the heat in the exhaust gas in C.n.tr. per min. above the room temperature on 
the assumption that the specific heat of the gas was constant. 

The fuel consumption during the test was 5*141 lb. per hr.; calorific value, 10,140 
C.h.tj. per lb. and the cylinder jacket water was 8*2 lb. per min. with a rise of temperature 


of 34° C. Make out a heat balance for the test. 

Ans. Heat to engine per min. = 870 

„ „ b.h.p. = r266 

„ ,, circulating water = . 278-6 

„ ,, exhaust = (278 

Total = 822-6 


Heat to friction pumping and unaccounted for = 47-4 

8700 

31. Relation between indicated horse-power, brake horse-power, etc. 

(B.Sc. 1934.) 

In a test of a six-cylinder oil engine 4-3 in. bore and 6*3 in. stroke, running at constant 
speed, the following data were obtained: 


Test 




Fuel 

number 

r.p.m. 

n.M.K.r. 

B.H.I*. 

lb. per hr. 

1 

1813 

4-1 

5-2 

14*1 

2 

181b 

18*9 

24*2 

19*5 

i 3 

1814 

38-5 

49*1 

26*8 

4 

1811 

57*8 

731 

33-7 

5 

1807 

74*9 

95*0 

41*7 

6 

1818 

88-5 

113*0 

53*2 


Plot, on a base of brake mean effective pressure, a curve suitable for showing the 
thermal performance of this engine. 

Assuming a straight line relationship B = a/-f where B and / represent brake and 
indicated quantities, and a and b are constants, plot a curve from which the mechanical 
losses of the engine, expressed as lb. per sq. in. of piston area, may be estimated. 
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Find the thermal and mechanical efficiencies of the engine in Test No. 6, the gross 
calorific value of the fuel being 10,600 c.H.u. per lb. 

Arts. Brake thermal efficiency, 28-3 % ; mechanical efficiency, 74-3 % . 


32. Supercharged Diesel engine. 


A Bolivian mine is situated at an elevation of 14,000 ft. above sea level, and requires 
1000 H.F. for the operation of its plant. 

Two Diesel engines are offered to the company each developing 600 h.p. at sea level 
in a temperate climate. 

Would these engines — without modification — b^ sufficient to meet the power require- 
ments of the mine? 

If not, what would be the approximate capacity in cubit! feet of free air per minute 
of a supercharger for each engine, and the power absorbed by this supercharger ? 

Make use of the following data: 


(a) 

(b) 

(c) 

(d) 

(e) 
(/) 

(?) 


Barometric pressure falls by 1 in. of mercury for every 1000 ft. rise. 
Fuel consumption of engine = l lb. per b.h p. hour. 

Air per lb. of fuel = 16 lb. 

Take the temperature at the mine as temperate. 


Specific volume of air at n.t.f. = 12-30 cu. ft. per lb. 

Volumetric efficiency of supercharger = 65 %. 

h.p. in air from a supercharger _ 0 . 

>u\ applied to supercharger ' /o ‘ 

At is. The power would be inadequate; 1543 cu. ft.; 61-5 H.P. 


33. Excess air supplied to a Diesel engine. (I.M.E. October 1936.) 

A 100 i.h.p. Diesel engine consumes 37-1 lb. of fuel oil per hour containing 86% 
carbon and 14 % hydrogen by weight. Calorific value = 10,500 b.t.u. per lb. The water 
supplied to the jackets passes through an exhaust heater. The following measurements 
were made: 


45 lb. per min. 
65° F. 

134° F. 

180°F. 

770° F. 

320° F. 

60° F. 


Quantity of water supplied 
Temperature of water entering jackets 

Temperature of water leaving jackets entering oxhaust heater 
Temperature leaving exhaust heater 
Temperature of exhaust leaving engine 
Temperature of exhaust leaving heater 
Temperature of air 

Determine the excess air used as a percentage of that required for combustion, and 
draw up a heat account in b.t.u. per min. for the engine. Mean specific heat of exhaust 

gas, 0-25. Air contains 23 % oxygen by weight. • 

Ans. 95-4%. Heat supplied per minute, 12,050 b.t.u,; Heat to i.h.p., 4240 b.t.u.; 
Heat to Jacket, 3106 b.t.u.; Heat to Calorimeter, 2070 b.t.u.; Heat to exhaust 
leaving calorimeter, 1197 b.t.u. 



CHAPTER XX 


STEAM BOILERS 

The function of a boiler is to evaporate water into steam at a high pressure, so 
that the steam can be used for the development of power in a reciprocating steam 
engine or turbine, or sometimes for other industrial purposes. 

At first it would appear easy to perform this function, but if large quantities 
of dry high-pressure steam have to be produced rapidly, and with great economy 
of total cost, then considerable ingenuity and experience are required in the design 
and production of the necessary steam boilers. 

More than two centuries of experience with boilers has resulted in the following 
types being evolved: 

(а) Externally fired boilers. 

(б) Shell and fire tube boilers. 

(c) Water tube boilers. 

(d) Flash boilers. 

These are given in order of their development. At first, externally fired 
boilers were little more than steam-tight pans ; sometimes the shells were of stone 
fitted with steel plates to protect the stone from direct contact with the flames. 
Later, riveted copper brewing pans were pressed into service to supply low- 
pressure steam to the old type of pumping engines. 

The important advantage of externally fired boilers is that the fireplace can be 
enlarged at will; so that any kind of fuel can be used, and moreover less damage 
will result should the water level fall unduly. These advantages fit the boiler for 
use on isolated mines and in power plant where fuel and labour may be of 
indifferent quality. 

* 

Shell and fire tube boilers. 

The Romans realised that water could be heated more economically by sur- 
rounding a suitably proportioned fireplace with water, but their boilers were all 
open to the atmosphere, and the products of combustion escaped through a single 
flue of large dimensions. It was in 1680 that Papin improved on this boiler by 
applying the lever safety valve, which enabled the boiler pressure to be raised 
with safety above atmospheric pressure; also, by providing several fire tubes 
of small bore, the heating surface and gas velocity were increased, and this 
resulted in a distinct improvement in both output and economy. 

The Cornish, Lancashire, Scotch marine, Vertical and Locomotive boilers are 
examples of this type, and so long as the working pressure does not exceed 
300 lb. per sq. in., and the evaporation is less than 5 tons of water per hour, these 
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boilers are suitable for use in connection with mines, factories, ships, cranes or 
locomotives. 

For higher pressures or higher rates of evaporation the shell and fire tube type 
of boiler becomes extremely heavy and unwieldy; so that, with a view to reducing 
the size of the shell, the fireplace is frequently placed outside the shell of the 
boiler, and instead of passing the flue gases through the boiler tubes they are 
passed over the outside of the tubes containing the water to be evaporated. 
The tubes are inclined to the vertical to produce a syphonic flow of water through 
them. 

On account of this change the boiler is known as a Water tube boiler. 

The great strength of this boiler, combined with its lightness, makes its 
adoption obligatory where large powers have to be developed in a limited space. 

The limit of the water tube type of boiler is reached when we have but a single 
tube of great length, so coiled as to present a maximum heating surface in a 
minimum space. This form of boiler is known its the Flash or Monotube boiler 
(because of the rapidity with which water is “flashed ” into steam). It was at one 
time used extensively on steam cars, but in 1906 a Stanley car, equipped with a 
fire tube boiler, reached a speed of 120 miles per hour. The boiler was patented 
in 1736, but it was not until 1827 that Jacob Perkins made a successful boiler to 
operate at 15001b. per sq. in. 

The Lancashire boiler.* 

The Lancashire boiler is eminently suitable for permanent stationary work 
where the working pressure and power required are moderate, and where j*reat 
reliability, ease of operation, reserve of power and easy steaming on indifferent 
feed water are essential qualities. 

The boiler (Fig. 355) consists of a large cylindrical shell about 30 ft. long by 
9 ft. in diameter into which are placed two furnaces 3 ft. 6 in. diameter. These 
furnaces are corrugated to allow for the difference in expansion between the 
shell and the furnace. 

The boiler is set in brickwork into which are built flues that return the flue 
gases from the back end of the furnace tubes along the sides of the boiler and back 
along the base, or vice versa. 

An improvement in heat transmission and a reduction in size is secured by 
fitting cross tubes in the furnace tube, although in the modern type of Lancashire 
boiler, known as the Economic boiler, f the cross tubes and return flue are 
replaced by fire tubes as in the Scotch marine type boiler. 

Although these boilers are economical steam generators, when worked within 
their capacity, yet they raise steam slowly on account of the large quantity of 
water that they contain, and also because of the restricted fireplace, and the 
slowness of the circulation. 

♦ The invention of William Fairbairn and J. Hetherington of Manchester, 1844: It has 
had the longest run "of any boiler. 

t The invention of George Stephenson, 1835. 
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They are bulky and difficult to transport, but in spite of this they have been 
lowered overboard from vessels, towed up rivers and rolled through miles of 
trackless country into apparently inaccessible places. 



Fig. 355. Lancashire boiler. 


The Cochran vertical boiler, 1878. 

Among the many patterns of vertical boilers in use the Cochran (Fig. 356) is 
one of the most popular, and may be seen in almost all parts of the world. Some- 
times this boiler is on isolated mines, at others on board ship, where it is often 
employed to recover waste heat from the exhaust gases of Diesel engines. 

Although extremely compact the boiler possesses great internal and external 
accessibility, combined with lightness; nearly all the surfaces are pressed from a 
single plate and are therefore free to expand, and at the same time they are self- 
supporting and free from internal joints that might bum. 

The fire tubes run horizontally, an arrangement which makes them accessible 
from both ends and affords protection for the furnace crown in the event of the 
water level being allowed to fall unduly. 

Fig. 356, which is reproduced through the courtesy of the Cochran Boiler 
Company, is excellent in that it shows not only the internal arrangement of the 
boiler but also the fittings which are essential on all boilers. 
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A firegrate or mechanical stoker is placed beneath the elevated ends of the water 
tubes, and sufficient headroom is allowed for the complete combustion of the 
volatile material before the gases are compelled, by means of baffles, to make 
three circuits of the water tubes. 

Unidirectional circulation and uniform heat transmission to the tubes, by 
radiation and convection, is responsible for the absence of priming even under 
overload conditions, whilst freedom for expansion, obtained by suspending the 



Fig. 357. Babcock and Wilcox boiler. 

boilers from girders, which are independent of the brickwork, prevents the 
development of cracks in the brickwork. In common with other externally fired 
boilers, the large furnace is well suited for wood or lignite. 

Although the boiler is sectionalised to such an extent that four mules, arranged 
two in series and two in parallel, can transport the largest plates to the remotest 
part of the earth, yet the joints are removed from the path of hot gases, so that 
little trouble is experienced with them , and they allow all the parts to be thoroughly 
cleaned. 
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The Stirling boiler, 1918. 

The Stirling boiler is an example of a water tube boiler in which the tubes are 
of smaller diameter than those used in the Babcock and Wilcox boiler; they are 
more numerous, and are bent, this being modern practice on highly rated boilers 
(10,000 h.p. per boiler). 



Fig. 358. Stirling boiler. 
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The advantages of bent tubes are: 

(а) They are more flexible. 

(б) The boiler is headerless and smaller, therefore lighter. 

(c) More latitude is available for arranging the heating surfaces. 

Bent tubes, however, are not so easily cleaned and inspected as in the straight- 
capped tube, and if one tube bursts it is not so easily plugged. However, both 
bent and straight tube types are well established, and there is little to choose 
between them from the point of view of efficiency and general utility. For large 
boilers the tendency is towards bent tubes of small bore. 

The feed is delivered from the economiser into compartment A (Fig. 358) 
which is fitted with baffles. The rear baffle deflects the feed down to the mud 
drum B through about one half of the rear bank of tubes. As the mud drum 
is not subjected to a high temperature, deposits which settle out from the feed 
water in this drum can cause no harm. 

A longitudinal baffle in drum B deflects the purified feed into the remaining 
half of the rear bank of tubes through which it rises, by thermo-syphonic 
action, into A. 

The front portions of drums A and B y together with drum (7, form the main 
circulatory system. The high temperature and inclination of the front tubes 
cause this bank to be responsible for more than 85 per cent, of the total 
evaporation. Steam and hot water discharge from these tubes into C and are 
replaced by a flow of water from A to B down the vertical bank. 

Balance of water and steam is obtained by the horizontal tubes which 
connect drums A and C ; the main steam connection being taken from A, since 
here conditions are more favourable to the production of dry steam. 

It will be observed that the superheater D is incorporated in the Vee of the 
triangular circulatory system. 

Economiser. 

With a view to recovering some of the heat from the flue gases the feed water is 
first circulated through an economiser before entering the compartment A. 

The essentials of a good steam boiler. 

(1) It should be absolutely reliable, and it should produce a maximum weight 
of steam for a minimum fuel consumption, attention, initial cost, and repairs bill. 

(2) The boiler should meet rapidly w ide variations of load, it should be capable 
of quick starting, light in weight, and it should occupy small space. 

(3) The joints should be few and removed from flame impingement, and should 
be accessible for inspection. Defective tubes should be easily plugged. 

(4) Mud and other deposits should not collect on the heated plates, and the 
water surface and tubes should be so disposed as to prevent priming. 
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(5) To secure a high rate of heat transmission the water and gas circuits 
should be designed to allow a maximum fluid velocity without incurring heavy 
frictional losses. 

(6) The refractory material should be reduced to the very minimum, but it 
should be sufficient to secure easy ignition and smokeless combustion of the fuel 
on reduced load. 

(7) The tubes shotild not accumulate soot or water deposits and should have 
a reasonable margin of strength to allow lor wear or corrosion. A rapid circulation 
is fair insurance against this, although in addition it is advisable to fit well- 
positioned soot blowers supplied with compressed air in preference to steam so 
as to limit the possibility of tube corrosion. In marine boilers the effect of salt 
in the feed should be considered as it is often impossible to shut down the plant. 

(8) High pressure drums are heavy and oostly, and therefore should be as 
few as possible, but some reservoir is necessary to prevent priming. 

The choice of a steam boiler for stationary work. 

The selection of the type and size of boiler depends on: 

(a) The power required and the working pressure. 

(b) The geographical position of the power house. 

(c) The fuel and water available. 

(d) The probable permanency of the station. 

(e) The probable load factor. 

For moderate powers and pressures, where fuel, water and attendance may be 
indifferent, the externally fired shell and fire tube type is to be recommended on 
temporary work — or the economic for more permanent work. 

For large powers, where weight and space considerations are important, the 
water tube type of boiler is to be recommended. 

EXAMPLES 

1 . What are the considerations which would guide you in determining the type of 
boiler to be employed for a specific purpose ? 

2. Describe the Lancashire boiler. Explain why it is still widely employed in some 
industrial districts. 

3. What are the special features of the “Return Tube” boiler which render it 
popular for temporary work where coal is scarce ? 

4. How may the properties of ash and cinders produced from a given coal be affected 
by the conditions in the boiler plant? Enumerate the properties of a satisfactory ash. 

5 . Describe briefly some type of shell boiler, giving a list of the fittings and auxiliaries 
which would be desirable in practice. 


WHS 
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6. Classify the various types of boilers met with in practice. What type would be 
preferable under the following conditions? 

(а) Mountainous district, water plentiful but lime content high, large output required. 

(б) Easy transport, high pressure, good water supply. 

Give reasons for answers. 

7. What are the modern tendencies in boiler design? Show how these are reflected on 
the efficiency and output of the plant. 

8. Compare the advantages and disadvantages of straight water tubes and bent water 
tubes when used in high-pressure boilers. 

(B.Sc. Part I, 1938.) 

9* Describe, with sketches, a Lancashire boiler, showing the path of the flue gases to 
the stack and the relative position of the economiser and superheater. 

MODERN DEVELOPMENT IN STEAM BOILERS 

“We’re creeping on wi each new rig, less weight an* larger power; 

There’ll be the loco-boiler next and thirty knots an hour.” 

Rudyard Kipling. 

At the time that Kipling wrote these lines the “Loco-boiler”, owing to lack 
of balance of the engine mechanism and the imperfection in the track, rather than 
to any intrinsic excellence, gave a greater output of steam than did any other 
boiler of equal weight. 

That this boiler, almost identical in shape with that employed in Stephenson’s 
Rocket, should be the boiler of the future must seem absurd to any unprejudiced 
engineer. Long ago it was realised that flat surfaces should not be subjected to 
pressure, and that there is no need for the boiler to contain more water than will 
run the engine at full load for a few minutes. 

In view of these points water tube boilers have been constructed in which the 
water circulates through small diameter tubes that give rise to great mechanical 
strength, lightness and large heating surface. In addition, the combustion cham- 
ber is not limited in size by the dimensions of the steam and water drum, and so 
it can be designed to secure efficient combustion. The boiler is also free to expand, 
and because of the large ratio of heating surface to water content, the boiler can 
readily meet changes in load. 

Up to the present time the number of water tube boilers that have been in- 
vented, of which many have been made, is almost legion, and the disposition of 
the tubes is often so complicated that, to the uninitiated, a working drawing 
conveys nothing. In view of this the author has sketched in Fig. 359 a diagram- 
matic arrangement of a typical modern water tube natural circulation boiler. 
Actually it is a nondescript, but will serve to show the flow of fuel, air and water. 
In modern practice, especially in the U.S.A., one boiler of this type is often 
employed with one turbine and condenser to form a self-contained power unit.* 

* In the matter of capital expense and reliability it is better to provide two boilers, each 
of which, at its maximum rating, can supply 65 % of full power. 
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A large output from a single boiler means the consumption of large quantities 
of fuel and air in a limited space. To achieve this the chemical action must be 
rapid, and elementary chemistry shows that reactions are only rapid when the 
ingredients are finely divided, intimately mixed, and, if possible, pre-heated. 
For this reason gaseous and liquid fuels have an advantage over solid fuel, but 
since the world’s supply of solid fuels, especially in the form of slack coal, is 
so much greater than that of all other forms, we will consider a boiler supplied 
with this fuel. 

If one is prepared to stand the expense of powdering the slack coal, and of 
separating the dust from the flue gases, the ideal method of burning solid fuels 
in the pulverised form may be realised, but at the present time mechanical stokers 
have advanced to such a state that it is advisable to pulverise only low-grade 
fuels. 

The mechanical stoker shown in Fig. 359 is of the multiple retort type, and 
consists of coal pushers which alternate with hollow air-cooled slicing bars. The 
vibrating pushers advance the fuel towards the ash-hopper, whilst the slices 
lift the fuel to allow a horizontal blast of pre-heated air to bring about rapid 
combustion of the fixed carbon, the volatile matter being consumed by secondary 
air. As combustion proceeds the thickness of the fuel on the pusher and slicer 
bars diminishes, and the fire would be blown into holes were it not for the fact 
that the air pressure beneath the bars is reduced. 

A continuous supply of fuel is ensured by rams which are driven slowly by a 
crankshaft that also operates the pusher and sheer bars. On the forward motion 
of the rams the fuel, which has gravitated from a hopper, is forced into the spaces 
between the slicing bars and is gradually advanced and lifted by the coal pushers. 

The heat release in a combustion chamber of this type is so great that with 
natural circulation unprotected water tubes would b lister, and uncooled refractory 
material would melt. To avoid these difficulties the unprotected water tubes are 
removed from the intense radiant zone, by making the combustion chamber large 
and backing its refractory walls* by closely pitched water tubes which contribute 
largely to the evaporative power of the boiler by utilising the radiant heat. 

After passing the first bank of water tubes the flue gases are cooled to such an 
extent that they can safely traverse the superheater without damage. A second 
bank of water tubes completes the boiler proper, in which only the latent heat 
and superheat of the steam is supplied. The sensible heat is furnished by an 
economiser which is placed in series with the cascade heaters on the turbine. 

The flue gas now finally passes through an air pre-heater, f where the air, which 
is to support subsequent combustion, has its temperature raised to about 300° F. 
If this temperature is exceeded, the coal tends to distil and choke the air passages. 
With pulverised or oil fuel, however, this temperature may be increased to about 
500° F. 

* This type of furnace wall is known as a “Bailey ” wall, the tubes being protected from 
blistering by a facing of cast-iron blocks. 

t Regenerative feed heating produces such high feed temperatures that economisers 
cannot reduce the flue gas temperature to its economic limit. Air heaters are therefore 
imperative. 
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On leaving the air heater the flue gas is sucked into an induced draught fan 
from which it is discharged into a dust extractor, and may even be washed with 
lime water before expulsion to the atmosphere. 

By arranging the various components in scries, as shown in Fig. 359, the boiler 
acquires considerable height, which is not objectionable as far as accelerating 
thermo-syphonic water circulation goes, particularly when a great difference in 
density is secured by leaving the downcomers unheated; the cost of the site is 
also reduced.but structurally the arrangement is unsound, so that frequently the 
height is reduced by placing the economiser and air heater side by side. 

Forced circulation boilers. 

To increase the rate of heat transmission in boilers it is simpler to employ 
high water velocities rather than high gas velocities, because a smaller quantity 
of fluid is dealt with, and a considerable increase in pressure is more easily 
produced with water than with gas. 

Moreover, as the pressure of steam increases its density increases, whilst the 
corresponding increase in temperature causes the density of the water to decrease. 
This double change reduces the thermo-syphonic head upon which natural cir- 
culation depends, so that a point is reached where forced circulation becomes 
imperative. 

There is nothing novel in the idea, because, for more than a century, large 
fire tube boilers have had the water circulated through them, during the lighting 
up period, by means of pumps or injectors. 

It was in 1856 that Martin Benson of Cincinnati constructed the first con- 
tinuous forced circulation boiler, and since that time La Mont (1925) introduced 
a forced circulation boiler which is used in Europe and in America. 

The circulation diagram is shown in Fig. 360. 

Water is supplied through an economiser to a separating and storage drum 
which contains a feed regulator that controls the speed of the feed pump. 
From this drum a centrifugal pump circulates about 8 to 10 times the quantity 
of water evaporated through a water wall of which the sides of the combustion 
chamber are composed; after this the steam and water pass on to a network of 
tubes placed in the uptakes before being restored to the storage drum and the 
released steam then passes to the superheater. 

To secure a uniform flow of fluid through each of the parallel boiler circuits a 
choke is fitted at the entrance to each circuit, the diameter of the chokes being 
chosen to give the same discharge from each circuit.* 

The principal advantages of forced circulation boilers are: 

(1) Smaller bore, and therefore lighter tubes. 

(2) Reduction in the number of drums required. 

* For a description of a La Mont boiler recently installed at Glasgow see Engineering, 
October 7, 1938, p. 414. 
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(3) There is greater freedom for disposing of the heating surfaces, and hence 
greater evaporation for a given size. 

(4) Lighter for a given output. 

(5) The boiler can meet rapid changes of load without the use of complicated 
or delicate control devices. 

(6) If an external supply of power is available a very rapid start from cold is 
possible. Hence the boiler is suitable for carrying peak loads, or for stand-by 
purposes in hydraulic stations. 

Chimnev 



(7) Absence from scaling troubles, especially if storage drums are provided. 

Against these advantages must be placed the cost of the pumping equipment * 
and the power required, and the fact that the safety of the boiler depends entirely 
upon it. 

The Benson boiler. 

At one time it was thought that the rate of heat transmission from flue gas to 
water was seriously impaired by the presence of steam bubbles in contact with^ 
the plate, and that the release of these bubbles caused the water circulation to 
pulsate; this in turn tended to initiate priming*. 

* B. F. Davies, ‘‘The physical aspect of steam generation at high pressure, and the 
problem of steam contamination, * * Proc. Inst . Mech. Png. vol. exurv (1940), p. 198. 
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Mark Benson, in 1922, argued that if the boiler pressure were raised to the 
critical (3226 lb. per sq. in.), the steam and water would have the same density, 
and therefore no bubbles would form; so that the previous defects would be 
absent. 

In the construction of this boiler many difficulties were encountered, but the 
major difficulty was discovered when operating it with anything but distilled 
water. Heavy depositions of salt occurred in the transformation zone from water 


Chimney 



into steam, and, because of the reduced value of entropy at the critical pressure, 
the steam rapidly became wet when expanded in a turbine, thereby causing 
erosion of the blading (see p. 494). 

To obviate erosion and provide a more moderate working pressure the steam 
was throttled to about 2000 lb. per sq. in. with temperature reduction of about 
80° F. 

The flow circuit of the Benson boiler is shown in Fig. 361, where it appears as 
a single tube of great length ; actually the boiler consists of many parallel circuits 
which yield a thermal efficiency of about 90 %. 
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Monotube boiler. 

The Sulzer monotube boiler is an example of a modem boiler using but one 
tube almost a mile long. There is no fixed surface of separation between the steam 
and water, the economiser, boiler and superheater being in series, and since the 
storage capacity of the coil is very small, accurate control of the fuel air and water 
supply is an absolute necessity. To facilitate control and remove some of the salts 
in suspension the coil is sometimes bled at an intermediate point. 

Experience has shown that for the best results with monotube boilers the ratio 

should not exceed 30,000. Even then the feed pressure must 
Tube diameter 1 

exceed the steam pressure in the boiler by about 40 % in order to overcome the 

resistance of the tube. 


Indirectly heated boilers. 

Anyone who has had experience of domestic boilers supplied with water from 
moorland or chalky districts will appreciate how quickly the heating capacity 
falls off, or how discoloured the hot water becomes in a very short time. To avoid 
these troubles indirect heaters (Fig. 362) were introduced many years ago. The 
boiler A and coil B are supplied with pure water from tank C, whilst the impure 
water is introduced into cylinder D. 



In this arrangement the boiler may be of cast iron, and the heating cylinder 
of copper, an arrangement which entirely prevents corrosion, and, owing to the 
reduced temperature head across the heating coil, salts deposit less slowly and 
do not cake so firmly on the coil; in fact, they can be readily removed by heating 
and then quickly cooling the coil. 
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If such a procedure is necessary with boilers which heat but a few tons of 
water a year, how much more important must it be with boilers which evaporate 
hundreds of tons of water per hour into high-pressure steam which itself may 
carry destructive acids into the turbines. 

The “Schmidt” and the “Loeffler ” are high pressure indirectly heated boilers 
which have been introduced to overcome these difficulties. 

Schmidt -Hartmann boiler. 

This boiler is very similar to an electric transformer, in that two pressures are 
employed to effect an interchange of energy. 

In the primary circuit steam at 1400 lb. per sq. in. is produced from distilled 
water, and, after traversing a separating drum, it enters a submerged heating coil 



which is located in the evaporator drum. The high-pressure steam in this coil 
possesses sufficient thermal head to produce steam at 850 lb. per sq. in. with a 
heat transference of 500 b.t.tj. per sq. ft. per degree F. per hour. 

The steam produced from the impure water is usually removed to a superheater 
placed in the uptakes, whilst the high-pressure condensate, on its way to the 
water drum, is circulated through a low-pressure feed pre-heater, which raises 
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the feed water to saturation temperature; so that in the evaporator only the 
latent heat is supplied. 

Natural circulation in conjunction with high gas velocities are relied on for 
supplying the desired rate of heat transference, and by using unheated down- 
comers it is possible to produce circulating velocities of 1*5 to 2-5 f.p.s. for thermo- 
syphonic heads of about 8 and 33 ft. 

In normal circumstances the primary circuit will not require replenishment 
of its distilled water, but as a safeguard against leakage or the safety valve 
lifting a combined pressure gauge and thermometer is fitted. 

When the thermometer indicates a temperature in excess of the saturation 
temperature distilled water is transferred from the low-pressure to the high- 
pressure side of the circuit by closing valve B and opening valves C and D on 
vessel A ; this manipulation balances the pressure in A and allows water to gravi- 
tate to the primary separating drum. To replenish A valves C and D are closed 
and B opened, so that secondary steam condenses in the uninsulated storage 
drum A. 

Main advantages of the Schmidt boiler. 

(1 ) Since the highly heated components contain only distilled water they will 
not burn out due to internal deposits, neither will the circulation be interrupted 
by rust or other material. 

(2) The impure feed water is external to the heating coil, so that deposits can 
be brushed off on removal of the coil from the drum. The large-sized manhole 
necessary to pass the complete heating coils involves considerable thickening 
of the drum. 

(3) High thermal and water capacity of the boiler allows wide fluctuations of 
load without undue priming or abnormal increase in the primary pressure, when 
the load is suddenly increased or reduced. 

(4) The absence of water risers in the drum, and the moderate temperature 
difference across the heating coils, allows evaporation to proceed without priming. 

The Loeffler boiler. 

In this boiler the advantages of forced circulation and indirect heating are 
employed; but the most radical departure from modem practice is that steam is 
used as the heat carrying and heat absorbing medium. 

To reduce the size and power of the turbo-circulating pump and of the boiler, 
and also to improve the rate of heat transmission, the steam is circulated through 
the heating coils at a pressure of about 1700 lb. per sq. in., where it acquires a 
temperature of approximately 900° F. 

A portion of this steam is tapped off for external use, whilst the remainder 
passes on to the evaporator drum, where, by giving up its superheat to the water 
contained in this drum, an amount of steam is generated equal to that tapped off. 
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The nozzles which distribute the superheated steam throughout the water arts 
of special design to avoid priming and noise; so that the boiler can carry higher 
salt concentrations than can any other type and is more compact than indirectly 
heated boilers having natural circulation. These qualities fit it for land or sea 
transport power generation. 



Fig. 364. LoefHer boiler. 


The Velox steam generator.* 

Research on high velocity gas flowf has shown that when the velocity of the 
gas exceeds the velocity of sound in the gas heat is transmitted from the gas at a 
much greater rate than an extended theory, applicable to moderate gas velocities, 
would suggest. 


From p. 332 the velocity of sound in a medium is given 
produce this velocity the pressure drop p 2 to p 1 is given by 


by mt % and to 
V p 2 


Pi 

Pi 



and 


Pi = Pi 

Pi pV 


* Engineering, Yol. cxxxvn (1934), pp. 469-72, 526-9; Vol. cxxix (1940), pp. 248. 
492. 

t In connection with gas turbines by Brown Boveri. 
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For air y = 1*4. 053. 

Pi 

Taking atmospheric pressure p 2 as 15 lb. per sq. in. 

p 1 === 28-3 lb. per sq. in. ; 

hence any pressure in excess of 30 lb. per sq. in. will inpart a velocity to air 
greater than the velocity of sound in air. 

In the Velox boiler air is compressed to 35 lb. per sq. in. before being supplied 
to an oil fuel burner. The object of this compression is to secure a very high gas 
velocity, and also a very great heat release (900,000 b.t.tj. per cu. ft. of combustion 
space per hour), and although a very compact steam generator results, yet its 
size is limited to an evaporation of about 100 tons of water per hour, because, at 
this output, 6000 b.h.p. is required to run the compressor. 



Referring to Fig. 365, fuel and air are injected downwards into a vertical 
combustion chamber (2), which is walled by hollow evaporator tubes (3). Only 
one oil burner is fitted, and variations in load are effected by varying the jet area 
or, in the case of air injection burners, the fuel supply is throttled. 

On reaching the bottom of the combustion chamber the products of combustion 
are deflected upwards into the evaporator tubes by means of a spiral water coil. 
The evaporator tubes are detailed separately in Fig. 366, where it will be seen 
that they consist of an outer annulus through which 10 to 20 times the water 
evaporated is circulated at a high velocity. 




Steam Boilers 


717 


((( 



The core of the lower half of the evaporator tube or element is occupied with 
a central pipe which supplies water to the outer annulus, whilst the upper half 
is occupied by U-type superheater tubes. In the space between the inner pipes 
and outer annulus, the flue gas rushes at a speed of about , ^ 

1000 f.p.s. 

A ring main (4) collects the steam and water, and dis- 
charges it tangentially into the separating chamber (5); 
a forced vortex is formed, which, by centrifugal loading 
on the water particles, allows a steam release, without 
priming, about two hundred times as great as in boilers 
of normal design. The dry steam then passes up the 
central tube (0) to the superheater ring main, which 
distributes it to the various superheater elements. The 
separated water falls into a mud drum, from which it is 
extracted by means of a circulating pump that sets up 
a differential pressure of about 25 lb. per sq. in. 

This pressure difference is used in creating a high 
water velocity through the evaporator tubes. 

After traversing the superheater, the flue gas, which 
is at about 31 lb. per sq. in. and 000° I\, enters an 
exhaust gas turbine that drives an axial type of air 
compressor, an alternative electric drive being provided 
for starting and for carrying a small portion of the load 
in order to obtain a rapid response to changes in boiler 
load. With the turbine driving the compressor, and the 
compressor supplying the turbine, w r e have a conserva- 
tive system. 

The turbine exhaust is passed through a counter-flow 
feed heater, where the gas temperature is dropped by 
about 200° F. in pre-heating the feed, which is discharged 
tangentially into the separating drum. No attempt is 
made to extract more heat from the exhaust gases by 
pre-heating the combustion air, since on compression 
this air attains a temperature of about 300° F., and, to 
pre-heat the free air, would almost certainly involve 
compressor trouble. 

Although the efficiency of the compressor is about 70 %, and that of the turbine 
about 80 %, giving an overall efficiency of 56 %, which means that the com- 
pressor demands about 25 % of the power developed by the boiler, yet this is an 
internal loss, and will not affect the thermal efficiency of the whole plant. 

The Velox unit is a very compact steam generating machine of great flexibility. 
It is capable of quick starting, even though the separating drum has a storage 
capacity of about one-eighth of the maximum hourly output. 




Fig. 366 . 
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The control is entirely automatic, and a thermal efficiency of about 90 to 95 % 
is maintained over a wide range of load. 

At the present time only gas or oil firing is employed, because it is thought 
that any grit suspended in the flue gas would have a sand-blasting action on the 
interior of the boiler. 

Revolving boilers. 

In the Velox boiler the hot gases moved rapidly over a stationary surface; in 
the revolving boiler both the gases and the surface move, in fact the boiler con- 
denser and power component form one highly compact rotating power unit 
which is well suited for the propulsion of aircraft. 

Fig. 367 illustrates the principle on which the boiler is constructed. A large 
number of U-tubes are welded to a hollow spindle, which is rotated in the com- 
bustion chamber. 



The effects of this rotation are: 

(а) To produce a rapid rate of heat transmission. 

(б) To dispense with the feed pump and feed regulator, the water being flung 
into the U-tubes by centrifugal force. 

(c) To prevent priming by applying a centrifugal force to the separation 
surface of the water and steam many times in excess of the gravitational pull. 

The main difficulties which arise with this type of boiler are: 

(a) The difficulty of maintaining mechanical balance in view of the creep 
of the tubes. 

(b) Erosion of the tubes. 

(c) The inability to vary both power output and speed independently. 
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If the trouble from mechanical balance could be overcome, this generator 
would be suitable for purposes where light weight and compactness are of prime 
importance, but close speed regulation is not required. 

Huettner rotary power unit. 

This prime mover, which is shown in Fig. 368, is of great interest because it 
represents a self-contained and completely automatic unit. 

The boiler (1) consists of finned U -tubes, and is integral with the turbine and 
condenser casing, which is geared to the turbine spindle so that the two revolve 
in opposite directions at different speeds. 



By this gearing a high relative velocity is produced for a moderate rotational 
speed and turbine diameter. The boiler speed is fixed by the desired working 
pressure (see p. 471), and having decided on this the turbine spindle must be 
arranged to run at a speed which will give the best velocity ratio (see p. 425). 

Since the steam is unsuperheated, precautions have to be taken against blade 
erosion by providing drainage belts at each stage. These belts communicate with 
the water leg of the boiler, and are virtually bleeding points; so that the actual 
efficiency of the machine should approach that of the Camot cycle. 

To condense the steam and remove any air in solution cooling water is intro- 
duced into the casing through pipe (2). 

Rotation of the casing flings the water through a nozzle ring into the steam 
space of the turbine, where rapid condensation takes place in chamber (3). 
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After crossing this chamber the water and entrained air pass through divergent 
nozzles which raise its pressure to atmospheric. The surplus water collects in an 
annular ring (5) until it overflows a rim into a stationary catch ring which runs 
it to waste. 
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Pulverised fuel. 

«* 

Pulverised fuel may be defined as any carbonaceous material which has been 
dried and reduced to an extremely fine powder, and, after mixing with air, is 
burnt in a furnace. 

Apart from dust available from colliery screens, and some manufacturing 
processes, the coal must be dried, crushed and ground, at a cost which varies 
between 6 pence and 24 pence per ton. In view of this, pulverised firing must 
possess some distinct advantages over other methods of firing solid fuels. Briefly 
the advantages are as follows: 

(1) The surface area is increased in almost the ratio 400 to 1, so that high rates 
of combustion are possible, and a much smaller quantity of air is necessary than 
when fuel is burnt in lump form. 

(2) The smaller quantity of excess air, and more intensive mixing of the fuel 
and the air, produce a high furnace temperature with little smoke. 

(3) Fuels of high ash content may be burnt, provided the fusing point of the 
ash is not too low. 

(4) Increased rate of evaporation, and increased boiler efficiency. 

(5) Easier steaming, and greater capacity to meet peak loads. 

(6) Stand-by losses on banked fires are avoided. 
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Defects of pulverised firing. 

(1) The installation is expensive in first cost and repairs, and unless the 
calorific value of the fuel is less than 9000 b.t.u. per lb., or the fuel is available in 
powdered form, it usually pays to instal mechanical stokers in preference to 
pulverised fuel equipment. 

(2) The high furnace temperature, and the fluxing effect of the ash and unburnt 
fuel, cause fairly rapid deterioration of the refractory surface of the furnace. 

(3) It is very difficult to remove, economically, the fine dust which is suspended 
in the flue gas. 

(4) Fine regular grinding of the fuel, and even distribution to each burner, 
are difficult to achieve. 

(5) The improved combustion means a higher thermal loss in the flue gas unless 
air heaters are fitted. 

(6) The system is not as reliable as hand firing, and skilled attention is im- 
perative if danger from explosion is to be small. 

Operation of the system . 

(1) If the fuel exceeds one inch in diameter it must be passed through a 
preliminary crusher. 

(2) The fuel is then passed over a magnetic separator in order to remove any 
iron which might be present, and which might damage the mill, cause the ash to 
fuse, or cause sparking in the pulveriser. 

(3) The coal is then removed to a bunker, which provides a reserve of fuel to 
meet contingencies. 

(4) From the bunker the fuel is passed to a drier, where the moisture content 
is reduced to about 2 %. Drying of the fuel is essential to reduce the effort to 
pulverise it, to facilitate storage and conveyance, to minimise the risk of spon- 
taneous combustion, and to reduce the amount of water evaporated in the furnace. 

(5) The fuel is delivered to the pulveriser, which reduces its size by the applica- 
tion of a shearing force. The mills are of three types: 

(a) The impact mill in which weights fall on to the fuel. 

(b) Roller or ball mills in which the fuel is supplied to a revolving drum 
containing rollers or balls. 

(c) Chopping or attrition mills. 

(6) The fuel is drawn from the pulveriser and classified by a fan, which is often 
incorporated in the pulveriser itself. 

The fuel, when puffed up with air, will flow like a fluid, and, by correct adjust- 
ment of the velocity of the air, oversized particles of fuel fall out of suspension 
and are returned to the mill. 


W H E 
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The air which effects transportation of the fuel is known as Primary air, and 
it may vary in amount from 10 to 100 % of the air required for the complete 
combustion of the fuel. 

(7) The disposal of the air-borne fuel depends upon the system of firing 
employed. 

In the older Central system of firing the fuel is removed to bunkers placed 
over each boiler from which screw conveyors, operated by variable speed motors, 
convey the fuel to the burners. 

Primary Air 



Fig. 369. 

In the Unit system, where each boiler has its own pulveriser, the air carries 
the fuel to distribution boxes which, by the use of adjustable knives, produce 
uniform mixing of the fuel and air, and distribute it to not more than four burners 
per distributer. 

(8) The kind of burner depends on the firebox. 

In boilers of the Lancashire type the small combustion chamber necessitates 
a burner of the turbulent type (Fig. 369), which spreads the fuel in the form of a 
helix between two layers of air. With this burner forced draught is essential to 
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produce sufficient turbulence to sweep away the gases from the fuel as it distils, 
and to complete combustion in the length of the furnace.* 

In the streamline type of firing the fuel and air are projected downwards at a 
velocity of about 100 f.p.s. into a large combustion chamber from apertures 
placed in the top. Secondary air is admitted through openings in the side wall 
(see Fig. 370), and thus, together with the chimney draught, deflects the flames 
upwards before they reach the water screen. The heavy particles of ash gravitate 
through the water screen, which chills them, prior to collection in an ash hopper. 



Fig. 370. Strearnlino firing of pulverised fuel. 

The small amount of draught, and the even distribution of fuel from the 
multiple burners, cause the incandescent particles of fuel to resemble falling snow. 

The principal objection to the U -shaped flame is the very large combustion 
chamber required; for this reason the tendency is to fit turbulent burners, an 
example of which is the Lopulco fZ-type (see Fig. 369). 

In this burner the fuel and air are swirled by deep spiral ribs, which are fitted 
in a conical barrel. The secondary air is swirled around the primary, and its 
amount is controlled by dampers. 

Removal of dust from the flue gas. 

The suspended dust may be partially removed by one of the following methods: 

(1) Mechanical separation, in which the velocity of the gas is reduced so 
that the larger particles of dust fall out of suspension, or an acceleration is imposed 
upon the gas with the object of flinging the dust particles out of suspension. 

* The first 70 or 80 % of the heat in a fuel is easy to liberate, since it comes mainly from 
the volatile constituents of the fuel ; the remainder is difficult, since it comes from fixed 
carbon which is often associated with a high percentage of ash. 

4 6 » 
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In the Cyclone separator (Fig. 371) a volute casing is fitted round the base 
of the chimney, and into this casing is discharged tangentially the flue gas from 
an induced draught fan. 

A vortex is formed in the casing, and the grit is projected on to the outer plate, 
along which it swirls until it is caught by a lip which deflects the grit, and the 
carrier gas, into a secondary collector where the process is repeated. The cleaned 
gas passes through a longitudinal slot in the chimney, from which it escapes to 
the atmosphere. 



(2) Water separation (Modave process). This separator was introduced 
to remove the very fine particles of dust that escaped mechanical separation. 

In the “Modave” arrester, shown in Fig. 372, the flue gas follows a tortuous 
path between hollow vertical prisms, which are closed at the bottom and supplied 
with water at the top. 

The curved sides of these elements impose a centrifugal force on the flue gas, 
so that the dust particles are projected into the descending film of water, which 
carries them to a sludge pond. 
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By the addition of corrugated iron sheets, or a supply of carbonate of soda, 
the flue gas can also be freed of sulphur dioxide. 

(3) Lodge-Cottrell electric precipitation. In this system the flue gas is 
passed through a network of wires, which are connected to the positive side of a 
60,000 volt d.c. supply. On the floor of the duct is placed a similar network, 
which is connected to the negative side of the machine. The ionised gas imparts 
an electrical charge to the dust particles, which are attracted to the negative 
wires, from which they are scraped at intervals. 

Although this system is expensive, it is the most efficient of all, and will remove 
tar vapour as well as dust. 
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EXAMPLES 

1 . Enumerate the advantages claimed for pulverised fuel. To what extent are these 
claims based on sound theory? 

2. What are the essentials of a good combustion chamber and burner for pulverised 
fuel, and how are the two related? 
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3 . On what principles do the three main methods of dust separation operate ? Contrast 
the methods as regards performance on varying boiler loads, space occupied, first cost, 
and ability to remove constituents other than dust. 

4. Compare, from every aspect, unit and central systems of pulverised fuel firing. 

5. What are the objections to ash, moisture, and non-uniform grading in the use of 
“pulverised fuel ” ? How may their effects be limited? 

6* In what circumstances is it profitable to pulverise fuel for the purpose of power 
generation? Indicate the precautions that must be taken when pulverised fuel plant 
is installed. 


STEAM STORAGE 

An ordinary type of boiler has an overload capacity of only about 25 % above 
its normal rating, whilst peak loads may demand an overload of 100 %. 

It takes an appreciable time to change the rate of steam generation, but the 
demand for a considerable change of power may occur instantly, and even if the 
boilers could meet a sudden increase in load, there is always the problem of 
disposing of the steam once the peak has been passed. 

For these reasons it is now customary to supply heat accumulators to equalise 
the load on the boilers, and in this way they act as thermal flywheels. 

It was Dr Ruth, a Swedish technician, who introduced heat accumulators in 
1916, and his accumulators act in much the same way as electrical accumulators. 
They will give a large discharge over a short period, or a small discharge over a 
long period. 

There are two main systems of steam accumulation in use at the present time, 
the constant pressure system, and the variable pressure system. 

* 

The constant pressure system. 

In this system the rate of firing of the boilers is maintained constant, but the 
quantity of feed is varied. When the demand for steam falls, an extra quantity of 
feed is circulated through the boiler, where the feed temperature is raised to that 
of the steam, after which the surplus water is passed into an insulated storage 
drum (see Fig. 373), where it accumulates until an increased demand for steam 
causes a slight diminution in boiler pressure. 

The reduced boiler pressure operates a regulator which slows down the feed 
pump, just at a time when normally more feed would be required. To meet the 
increased demand for steam a constant speed circulating pump supplies hot 
water from the storage drum, excess water being returned to the drum via the 
overflow pipe A . 
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The capacity of the drum must be sufficient to supply the entire feed during 
the time required for the boiler to take the overload, and it must be capable of 
receiving the feed should the demand for steam suddenly cease. 
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Fig. 373. Constant pressure accumulator. 


The variable pressure system. 

In this system the surplus steam is passed through a reducing valve into a 
large closed vessel which is about 90 % full of water. Specially shaped nozzles 
surrounded by pipes are employed to discharge the steam silently into the water, 
and thereby bring about condensation. The more the pressure rises in the accumu- 
lator, the greater the thermal storage capacity, whilst a reduction in pressure 
results in evaporation, the steam produced being passed on to low-pressure 
turbines or process work. 



Fig. 374. Variable pressure accumulator. 



The installation of this system involves a substantial difference of working 
pressure between one steam consuming set and the other, and there must be a 
considerable demand for low-pressure steam. 

The system is widely used in mines and steel works where the reciprocating 
steam engines direct their intermittent exhausts into a low-pressure receiver 
which is placed in series with accumulators (see Fig. 375). Low-pressure turbines 
consume the steam supplied by the accumulators, and, should the supply of 
exhaust steam prove deficient, steam is taken from the boilers via a reducing valve 
or pass-out turbine. 
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The storage capacity of the variable pressure system depends upon the pressure 
range over which it operates. With a pressure drop from 300 to 200 lb. per sq. in. 
1 cu. ft. of water will yield approximately 1 lb. of steam, whereas a drop from 60 
to 10 lb. per sq. in. releases over 4 lb. of steam, so the system is best suited for 
low pressures, or where a large range in pressure is not objectionable. 


Dead Weight Atmospheric 
Relief Valve 



Comparison between the systems. 

If a supply of low-pressure steam is not available, or is not required, the feed 
storage system is obligatory. 

The main advantages of this system are: 

(1) Higher thermal efficiency. 

(2) Artificial circulation of the boiler water increases the rate of evaporation, 
reduces repairs, and gives economy in fuel. 

(3) By discharging the cold feed into the storage drum deposition of salts in 
the boiler is prevented. The system is best suited for prolonged periods of constant 
load followed by short periods of heavy overload. 

The variable pressure system is valuable where the storage periods are short 
and gulps of steam are available from intermittently working machinery such 
as winding or rolling engines. The installation of accumulators and low-pressure 
turbines will save some thousands of pounds a year on fuel. There is less danger 
of a complete stoppage of the plant due to failure of one of the machines, and the 
capital expenditure on the plant is more closely related to the mean load rather 
than the maximum. 
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EXAMPLES 

1 . Outline the objects of steam storage, and the principal systems employed. 

Make a diagrammatic sketch of any one system, and point out the advantages and 
disadvantages of that system as compared with others with which you are familiar. 

2* A mining company is in possession of some old Lancashire boilers which it proposes 
to convert into heat accumulators for the reception of low-pressure steam from the 
ventilating engine, air compressor, and winding engine. 
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Fig. 376. 


By making use of the figure, obtain the wat er capacity of an accumulator which can 
deal with the steam from the winding engine alone, given: Temperature rise of the water 
in the accumulator = 5° C. Average total heat in exhaust steam = 635 c.H.tr. per lb. 
Average sensible heat in condensate = 102*5 c.it.u. per lb. 

About what volume should be occupied by the steam, and is there any objection to 
providing a total volume in excess of that given by the calculations? 


CHAPTER XXI 


PLANT ECONOMY 

In the design of power plant the satisfaction of the fundamental laws of machines 
is but one aspect. For the plant to be a commercial success it must satisfy certain 
laws of Economics, which is the study of mankind in the ordinary business of life. 

A company director and his associates require plant which will perform certain 
duties with great economy (in some cases with absolute reliability) and generally 
with low first cost. 

To satisfy these requirements the plant and its details must be economically 
arranged, consistent with reliability and the length of life that is expected of it. 

As prices fluctuate over very wide limits from place to place and time to time, 
it is impossible to formulate general laws which control the economic design of 
power plant. The best that can be done is to suggest methods of attack. 

Factors associated with the cost of power. 

An industrial enterprise is promoted by some men of wide knowledge, ability, 
character and credit who, in these days, associate themselves with a number of 
others to form a limited liability company. 

The promoter and the enterprisers associated with him take the preliminary 
economic risk during the preparation of plans, and the raising of a loan by shares. 

The money raised is invested in land, buildings, and equipment, and later in 
the payment of the management and staff employed in construction before 
production commences. 

With the object of assessing profits the money which is sunk in the equipment 
is regarded as capable of producing a return of about 5 % if invested in some 
successful enterprise. Accordingly, this Investment Cost is set aside. In addition 
to the investment cost monies are paid into a Sinking Fund, the purpose of 
which is to pay off the loan. 

The other charges on a company are Overhead Charges, which represent the 
cost of taxes, rates, permanent staff, etc., and cannot therefore be allocated to 
any one job. 

Age, use or abuse of the equipment cause Depreciation, the amount of which 
is charged to the profit and loss account. 

In power stations the Running Costs are due to fuel, labour, oil, and con- 
sumable stores, and repairs. These costs exercise a very pronounced effect on 
the choice of plant for a particular locality and purpose. They are a function of 
the load at which the plant runs, and to allow for this the Load Factor, whiq)i 

is the ratio Actual output of the power plant 

Total output at the most efficient load’ 
has been introduced. 
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Even the standing charges, when reckoned on the annual power output of the 
station, are dependent upon the load factor, thus: 

Let IC be the annual investment cost, and KW the kilowatt hours output per 
annum when the plant operates on the most economical load. 

JO 

Then the investment cost per kilowatt hour is ic = — . 

A rV 

Let the plant now operate on a load factor ( LF) X thereby raising the investment 
cost to ( ic) v Now, since the total investment cost is invariable, 

(ic^LF^KW = IC. (1) 

In the same way ( ic) 2 {LF) 2 KW «= IC. (2) 


By (1) and (2), 


(ic) 2 — (n’)i 


( Lf ) t 
W)t 


The investment and maintenance cost defends on the size of the plant, and 
the pressure and temperature limits. I 

The effect of these quantities on the economic saving of fuel is given by 
(Cost of fuel in shillings per ton) (Load factor) 


/Calorific value on b.t.uA /t> . r . , 

i 10000 I (** tt * e °* mtere8 ^ on investment cost) 

This is known as the Operation Factor. 


Ex. Before full working plant of a mine came into operation the cost of power from the 
fully completed powerplant was Id. per kilowatt hour, made up of production cost,0*6d., 
investment cost, 0*4d., load factor Later, while the management remained the same, 
the load factor was increased to If this increase was accompanied by a reduction of 
one- third in production cost, what was then the cost of power per unit? 

With the load factor 

Production cost = 06 x § = 0*4 
Investment cost = 0*4 x f = 0-2 
Net cost per b.t.tj. = 0*6 pence. 

In considering any new project, therefore, it is fundamentally important to 
know the thermal efficiency of the plant, so that an estimate of fuel costs may be 
made. 

The selection of the plant of course depends upon the load factor, and whilst 
an expensive, though highly efficient machine, may be merited for base load work, 
yet such plant would be quite unsuitable for a peak load station. 

Due allowance must also be made for the reliability of the set, maintenance and 
capital costs, as well as for labour and the possible life of the machinery at the 
particular load. 

In general an increase in size of a unit is accompanied by a decrease in capital 
cost, weight, and space per kilowatt. 

* K. Baumann, “Some recent developments on power station practice”. Lecture 
delivered to the Institute of Engineers of Australia, October 13, 1938. 
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Economics applied to the prevention of waste. 

For some years now large concerns have been in the habit of employing 
efficiency engineers, whose duty it is to eradicate waste and loss of output. 

This engineer’s attention is often directed to leaky pipes, badly aligned shafts, 
obsolete machinery, inefficient workmen, control of stores, and purchase of 
fuel — all of which have a pronounced influence on the cost of power, which is one 
of the most important components in modern civilisation. 


The economic generation of steam. 

Since almost 80 % of the power used in the world is derived from coal used in 
steam generators, the economic generation of steam is a subject of considerable 
importance. For the past twenty-five years little improvement has been made 
in the thermal efficiency of steam boilers; the major developments have been in 
the direction of maintaining this efficiency on low-grade fuel and of reduced 
labour and maintenance charges. Because the annual cost of fuel is often greater 
than the combined cost of the other expenses on boiler plant, great economy can 
be effected by prudent selection of coal, which should be purchased on its calorific 
value, since this allows for loss due to moisture and ash. 

Mechanical handling and firing of the fuel frequently effects considerable 
economies, whilst the provision of superheaters may increase the thermal effi- 
ciency by 5 % and that of economisers by 15 %, provided they are kept clean. 
Air heaters should only be provided if feed heating prevents the economiser 
from lowering the flue gas temperature below 350° F. 

Secondary economies may be effected by centralising the plant so as to reduce 
distribution losses. These losses depend upon the economic thickness of the 
lagging, and the cost of the pressure drop necessary to maintain a flow of steam 
along the pipes. 


The economic velocity for steam flowing along a pipe. 

In this problem an economic balance must be struck between the capital charges 
on the pipe line, and the monetary loss incurred by the pressure drop due to 
friction. 

Experience shows that the first cost of the piping is related to the diameter of 
the pipe by the equation Krgt cost _ M , ^ foot> 


where d is the bore of the pipe in feet and A and n are constants. 

Annual capital and Maintenance charges may be reckoned as a percentage p 

of the initial cost, i.e. Annual charges = ~^^Ad n . 

If the pipe has to transmit W lb. of steam per second having a specifio volume v: 

Wv 

The velocity in the pipe = — ,* 7 ~ f.p.s. 

7 r<x 4 /4 
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The pressure drop in a circular pipe line running full is given by Fanning’s 
formula: 


d 2g 


/Volume per sec.\ 2 




L\ nd*l* 


-9 


, _ 4/L/4\ 2 (Volume per sec.) 2 

~ 2g\n) d* 


_ 4/L/4\ 2 (W r ?;y 


2g \n] d 

h 

Pressure drop in lb. per sq. ft. — 


~ ft. head of fluid flowing. 


h 4f/4\ 2 Lv . 


Pipe friction is equivalent to throttling the steam, and although this does not 
affect the total heat of the steam it reduces the subsequent adiabatic heat drop. 

Let the reduction in adiabatic heat drop per lb. of steam flowing per sq. in. fall 
in pressure, from the initial pressure, be H c.h.u., and the cost of 1 lb. of steam, to 
give an adiabatic drop of (a.h.d.) c.h.u., be G pence, then the monetary loss 
per lb. of steam per lb. fall in pressure, due to pipe friction, 



Monetary loss per second, 


* Lx/X) 

V 144 (A.H.D./ 


CxW = 



L Lv ip 

144 d r > 



C. 


The total annual charges on the pipe line, excluding radiation, are Annual 
capital + Maintenance charges + Monetary loss due to friction. 

If the pipe is in continuous commission throughout the year of 

365 x 24 x 0() a = 8760 x 60 2 sec., 


the total all in running cost will be 


G = ^ + 8760 x 60 2 x f-(-Y x C. 

100 20\7r/ 144 d 5 (a.h.d ./ 


dC 


The diameter which will make this a minimum is given by equating to 


zero, thus: 


dC npAd n ~ 1 L 
___ — 


— 8760 x 60 2 x 1 - I x 


-M-X x TITW- W - ^ - ) C > 

2g\irJ 144 d e (A.H.D./ 
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~ibcr 
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= 8760 x 60 2 x — — — ) G. 

2g\nJ 144 d 6 \a.h.d./ 


d = 


8760 x 60 2 


4//4 


2,7 \7T 


- X 


i 

144 A.H.D. 


xC 


npA 

100 


w+5 


Ex. Estimate the economic bore of a steam pipe for conveying, continuously, 
40 tons of steam per hour at 300 lb. per sq. in. and 350° C. 

The cost in pence per foot of completely lagged pipe may be taken as 1 5d 1,4 , 
where d is the bore in inches. Capital and Maintenance charges may be taken 
as 20 % of the initial cost. 

The cost of producing one ton of steam at the above conditions is 28 pence 
and the turbine can expand this to 1 lb. per sq. in. Take / as 0*004. 

The specific volume of the steam = 2*156 cu. ft. per lb. The adiabatic heat drop 
to 1 lb per sq. in. = 236 c.h.u. For 1 lb. per sq. in. fall in pressure the drop H is 
approximately 0*12 c.h.u. This drop was obtained by plotting the a.h.d. on a 
pressure base and extrapolating, since the a.h.d. is not by any means proportional 
to the drop in pressure in this region of the H(p chart.* 


28 

Cost C per lb. of steam = — = 0*0125 pence. 

40 v i>o 40 

Steam flow W in lb. per sec. = - = 24-9. 


pA 

100 


d n 


3(dx 12) 1,4 . 


pA 

Too 


= 97*6. 


p760 x 60 2 x 4 x 0*004 / 4V 
L 1*4 x 97*6 x 2 x 32*2 \7r/ 


i_ 

in* 0 * 2 ' 16 * 24 ’ 9 ‘(SI) °-° 125 ]“ • 


whence d 1 foot and velocity of flow ^ 70 f.p.s. 


The economic thickness of lagging. 

The economic thickness of lagging depends on 

(a) First cost and Maintenance costs. 

(b) Annual value of heat loss, which depends on the Cost of producing the 
steam, and Thermal conductivity of the lagging. 

* Alternatively calculate the heat drop from 
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Amount of heat transmitted through a surface 

kA6 

- — — c.h.tt. per hr., 

t 

g where k = coefficient of conductivity of material in c.H.tr. per ft. per 0 C. per hr., 
t = thickness of conductor in direction of flow. 

Amount of heat entering an annular ring of unit length at radius r 

= —k2nr ( j^. (1) 

dr 


The negative sign prefixes the expression, since ddjdr is negative and we want 
a positive flow. 

Heat leaving at radius (r + dr) 


, . dO d , „ 

= — & 2r — + 1 —k2nr 

dr dr\ 


y- , 


In the steady state, 

Heat leaving = Heat entering. 


• -A- 

'• dr\ 


k2m-^\ dr = 0, 


and the quantity whose d/dr is zero is a constant. 

— k'Znr—^A, 
dr 

where A is an arbitrary constant. 





Fig. 377. 


JdO = 6 = Blog e r+C, 


where C is an arbitrary constant. When 

6 = 0 j, r = r v 6 = d 2 , r = r 2 . 

6 1 = B log e r-L + C, 6 2 = B log e r 2 + C. 

. & 1~@2 _ T> 

• • ^ 

d 6 _ B _ 0 X — 62 
dr~r~ , r x 

rl oger 


By (3) in (2), 


(4) 
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By (4) in (1), 


Heat flow in c.h.tt. per hr. = + k 2n 


Qi-O*) 



Let 0 = first cost of lagging in pence per cu. ft., then cost of lagging for 1 foot 
length of pipe =v(r\-r\)C. 

Let p be the percentage of the first cost that must be expended annually on 
investment charges and maintenance, and let L be the loss in pence due to a 
radiation loss of 1 c.h.u. per hr. 

Then for a pipe operating 8760 hr. per annum, 

Total hourly cost per foot of pipe 0 

2nk(d 1 -0 i )^ T , n(r\-r\)xl pxC 

~ ~ 8760 100 • 

lo g C - 

k, 0 V 0 2 , L, p, C and r x are fixed, but r 2 may be varied to make C a minimum. 
To obtain this value of r 2 let r 2 /r x = R, then 


2? ik{0 x -0 2 )L 7rr\ (R 2 —l)pC 
log e R + 100' 8760 


do 

d R 


2Trk{0 l -0 2 )L m\pC 


whence 


i?(log e i?) 2 + 
(Rlog e R) 2 = 


100 x 8760 

k(6 x -d 2 )L 

r\pC 


--- x 2R = 0 (for a min.), 


x 100 x 8760. 




As a check on the dimensions of the above equation, 


1c 


C.H.TT. 


Thickness 


_ Hours ^ 

L = - - I -- — x Pence, 


(7 = 


Pence 


Hours Area x Temperature * c.h.u. ’ Cubic feet ’ 

The quantities make the right-hand side of the above equation dimensionless, 
which agrees with the dimension of R. 


* 


Ex, Determine the economic thickness of lagging for a steam pipe 10 in. outside 
diameter which is in continuous operation, given: 

Cost of steam, 0*12 pence per kW hour; Cost of lagging, 75 pence per cu. ft.; Main- 
tenance cost, 20 % of the initial; Thermal conductivity of the lagging, 0*0218 o.H.u. per 
ft. per 0 C.; Temperature drop across the lagging, 320° C. 


i i tt 7 i 1000 33,000 x 60 

lkWhour = - 746 X 14b r - 

Cost of 1 c.h.tt. per hr. = 


= 1896 c.H.tr. per hr. 
= L. 
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whence 


Blog e R 


_10 / d : 02 
“*V 


0218 x(M2x 320x8760 


1896 x 20 x 75 


i? =£=1*9 = 


( r 2 — r i) = 4J in. 


Ex. Fuel supply to an isolated mine. 

On an isolated mine the fuel supply was obtained by drawing upon the hardwood 
that grew in the vicinity. 

If w; was the weight of hard wood growing in tons per sq. mile, W the weight of hardwood 
consumed by boilers per annum, r the radius in miles from which the supply was being 
drawn at time t years, (Ar + B) the cost of purchasing, cutting and carting wood in 
£’s per ton, determine the total cost of fuel supples up to any time £. 

Given Annual output = 5,847,750 kW hours; Fuel = 4*2 lb. per b.h.p. per hr.; Cost 
of purchasing and felling = B = £i 4 6 -; Cost of transport per ton per mile = A = £A 8 0 ' 
In 15 years the Babcock boilers exhausted wood supplies within a radius of 12 miles. 
Find the annual cost of fuel between 14th and 15th year of the mine’s life. 

The cost per annular ring of fuel is 

dC = 2nwrdr(Ar+ B), (1) 

We also have, for continuous operation of the plant, the rate of consumption = rate 
of removal of t imber. Hence 

Wdt — w2nrdr y 


By (2) in (1), 




dt = ~2n 
W 



.\ t 


W 2 
W nr ’ 



dC= Wdt(Ar + B), 



( 2 ) 


Alternatively by double integrals. 

C = f f tvrdrdd(Ar+ B), 

J o J o 

where 6 and r are independent variables. 

Integrating first with respect to 6 and keeping r constant gives 


J r i At 3 jRr2\ 

{Ar* + Br)dr = 2nwi-^- + . (1) 

To express this in terms of t we have 

Wh. = vmr*. (2) 

WHS *7 
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By (2) in (1), 




Total annual fuel consumption in tons is 

W _ 1:34 X 5 ,847,760 x 4-2 _ 

W ~ 2240 

In 15 years the fuel burnt = 220,000 tons. 

Area enclosed by 12 miles radius = 452 sq. miles. 

’ -n. t 220,000 

.\ Fuel distribution, w , m tons per sq. mile = — — = 487. 

Cost per annum = 14,67o|J x { 15a “ 14 ~) + jtj} = £36,000. 

Ex. Value of ash in coal. 

A power station is offered £P per ton of ash produced by its boilers and coal costs 
£kj(x+c) per ton, where k and c are constants and x is the ash content of the fuel. If the 
cost of firing is proportional to the ash content of the fuel, find the best value of x so 
that the total outlay per ton of coal incurred by the power company shall be a minimum. 

Value of ash per ton of coal = xP , 

k 


Cost of fuel 
Cost of stoking 
Total cost per ton G 
-k 


x + c * 
-A + Bx, 
k 


x + c 


+ A + Bx—xP. 


.( 1 ) 


dC 

dx 


(x+cy 


+ B-P-0. (x+c)*-, g-p. 


For minimum, 




when B = P, then x = oo, i.e. if we receive as much for the ash as the extra cost of 
stoking, we can have 100 % of ash in the coal. 

If P is negative, 3 is a minimum, since we must pay for disposal of the ash. 

The increased cost of stoking and ash disposal now offsetting the reduction in the 

price of coal, * = 0 when k = c 2 (B-P), 

and putting this value in (1) gives 

£C = —+A. 
c 

Ash is advantageous in that it protects the firebars. 


Method of assessing the return on an economiser investment. 

It is customary to calculate the gross annual saving guaranteed by the econo- 
miser makers, and to subtract from this certain annual charges in order to arrive 
at the net annual saving. • » 
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If we divide the total capital outlay by the net annual saving, we have the 
number of years in which an economiser will pay for itself. 

Annual charges. 5% interest on capital raised for purchase. 10% for 
depreciation. 2| % for maintenance. 

Annual saving. Against the outlay we must balance the saving, for if this is 
allowed to accumulate at 5 % compound interest, the total saving at the end of 
the life of the economiser will be considerable. 


Life of the economiser. The average life 6f a cast-iron economiser is 15 years, 
but there are cases where a life of 25, 30 and even 50 years lias been attained. 

Taking 15 years, we find that with compound interest at 5 % on the initial 
capital the total cost can be written off' in leap than 15 years, thus: 

If, as the result of economies effected by the plant, an annual sum P A can be 
paid into the sinking fund on which interest} is paid at p %, and the life of the 
plant is N years, then the total value of the sinking fund at the end of the following 
periods is: 

1st year: Pa. 

2nd year: ^( 1 + l f 0 ) + ^. 

3rd year: ^(l + r ^ 0 )'+^(l + i | j )+^ 

«h year: P A (l + ^ + P A {l + &)' + 1 + T ^) + 

and so on. 

Hence the total sum 8 which accrues as the result of the sinking fund con- 
tribution for a life of N years is 


where a = (1 -f-p/100). 


S = Pj[l+a + a*+a* + ... + a N ~ 1 l 
Sxa = P A \a + a 2 + a 3 + 


whence 


S(a— 1) = P A [a N — 1], 

a = Pa W- 1] = gJ( i+g/i oqr-i] 

(o-l) p/ioo 


Ex. The life of an economiser costing £5000 is 15 years and the guaranteed annual 
saving of fuel at full load is equal to £1500. Determine the total sum saved at the end 
of 15 years, if, at the end of each year, after paying 5 % on capital, % wear and main- 
tenance (on initial cost) and making an annual contribution to the “sinking fund” 
(which is allowed to accumulate at 5 %), the remainder is re-invested at 5 % compound 

5 % on capital = £250 
2§ % on capital = £125 
£375 


■ i 


47-2 
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Annual payment to “sinking fund”, that is re-invested at 5 %, is 


_ 5000 x 5 

“ {(T+o-05) 15 -I}Io6 


= £231-6 


To Interest of Maintenance £375 


Total annual charges £606-6 

Saving on fuel £1500 

Total charges £ 606-6 

Net annual saving £ 893-4 


If this saving is re-invested at 5 % compound interest, the total saving in 15 years is 


893-4 


H)5 15 — 1 ) 
0-05 ) 


£19,270. 


Out of this saving we could buy a new economiser and start again. 


Ex. Subdivision of units. 

For a given output of power, how is the size of an individual unit determined? 
Give, with reasons, the ideal subdivision for steam plant. 

The prime movers should be so chosen that they always run on their most 
efficient load, and that on this load their combined output will just equal the 
required load. 

For steam plant eight complete units have many advantages; since steam plant 
will carry continuously a 25 % overload, six sets can be working, one spare and 
one set dismantled. The safe rated load of such a station would be six units with 
a capital expenditure of the cost of eight. Capital invested in reserve power 
= 14-3 %. 


Ex. Power station site. 

Obtain an expression giving the rectangular co-ordinates X, Y of a central 
power station in terms of the co-ordinates x, y of the main consumers, so that the 
power loss on the lines shall be a minimum. 

Let P v etc. be the power supplied to each consumer along lines of length 
l v i 2 , etc. ; then the power loss = k[P x l 1 +P 2 l i + ...]. 

But = <J{X-x) z +(Y-y) 2 . 

.'. Power loss L in terms of the co-ordinates 

= EP X V(Z^J 2 T(T^ + P 2 V(T=^* + ( F - y 2 ) 2 . 

L =f(XY), dL = d £dX + d £dY. 
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The power loss is a minimum when the small changes in dX and dY produce 
no change in dL, i.e. when _ r 


® > — ax _ dL 

dX ~ dY 

— £P X — Xi , p 

dx ~ ri jtx — vxT\2 + *• ; 


-A. X(% 


V(X - xj* + ( Y- yrf 2 V(2 -* a ) a + ( Y- y,)- 


+ ... = o, 


^-r P __ Y~y i 
dY KhrZ^AiYY 


.Z zyi - __ . p __ r -y» __ , = o 

V(2-* 1 )«+(r~y 1 )* V(Z-^+(r-y,)» ' 


Investigation of the most economical arrangements of pulleys and belts. 

The horse-power transmitted by a belt is given by the equation 

<’> 

where /i is the coefficient of friction of the belt on the pulley, 

6 is the smallest arc of contact in radians, 
e = 2-718, 

Tj is the greatest tension in the belt, 

V is the velocity of the belt in f.p.s. and should not greatly exceed 60. 

For given pulleys at fixed centres, 0 is constant, and if P is the safe pull per 
unit width of the belt then the required width w is TJP. 

If N is the r.p.m. of the pulley having diameter 1), then 

T7 _N x nD 

V ~~ 60~‘ 

On substituting these values in equation (1) 

1“ 1 I wPttDN 

H ' P ' ~ (_ — e^J 33, 00(T ’ 

For constant speed and power 

Dxw = Constant. 

Hence the graph of w plotted against D is a rectangular hyperbola (see graph 
(1)) (Fig. 378). 

The price of the pulleys is a function of D and w, as shown in graph (2); whilst 
the price of the belt depends on its length and width, being directly proportional 
to its length, which is easily obtained from graph (1) that co-ordinates it with 
the pulley diameter, the centres of the pulleys being taken as fixed. It is customary 
to make the pulleys one inch wider than the belt. 

The price per foot of belts, having various widths, is shown in graph (4). By 
using this graph in conjunction with (1) the total cost of the belt, for any pulley 
diameter, may be obtained and is plotted in (3). 
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At the same time the cost of the pulley to be supplied (the assumption being 
that the other pulley is supplied with the machine to be driven) may also be 
plotted in quadrant (3) of the co-ordinate axes. The total cost of the arrangement, 
for any pulley diameter, is the sum of the cost of the belt and that of the pulley, 
and it will be seen from (3) that this curve goes to a definite minimum. 

Plotting is facilitated by employing the co-ordinating rectangle. 



Plotting the characteristic diagram. 

The diagram sketched relates to power transmission between pulleys of equal 
diameter. To plot this diagram : 

(1) Select any diameter of pulley, and, by projecting on to the h.p. curve (1), 
obtain the width w of the belt. To this width add 1 in. in order to select the pulley 
curve (2). 

(2) Project the diameter vertically downwards on to the pulley width curve 
in order to locate a horizontal line which gives the price of the pulley in quadrants 
(2) and (3). The intersection of a corresponding vertical in (3) with this horizontal 
defines a point on the cost of the pulley curve. 
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(3) To obtain the cost of a Balata belt for this diameter of pulley. From the 
H.P. curve (1) project horizontally the width w on to the cost curve (4), whence 
the cost C per foot is obtained. Multiply this by the total length L obtained from 
curve (1) and plot it on a diameter base in quandrant (3). This defines a point 
on the cost of the belt curve. 

On adding the cost of the belt to the cost of the pulley a point is located on the 
total cost curve. The process is repeated for other pulley diameters. 


EXAMPLES 

1. Economics of power generation. Site of a power station. 

It is required to develop 2000 ii.p. at a power station which is situated 100 miles from 
the coal fields. \ 

If the calorific value of the fuel is 7800 o.h.tt., compare the weights of coal used in the 
two following systems: 

(а) Coal used at source in a steam plant to generate electricity at 2000 volts, overall 
efficiency of plant, 15-5 %. There is also a transmission loss of 10 %. 

(б) Coal is carried by rail from the coal field to the power station in trucks holding 
10 tons; each truck weighs one ton. Frictional resistance to motion, 25 lb. per ton; 
overall efficiency of locomotive, 4 %. 

Voltage generated, 1800; plant efficiency, 15-5 %. 

Ans. (a) MG2 tons per hr.; (h) 1 -0026 tons per hr. 

2. Efficiency of a power station. 

A large power station burns about 1*76 lb. of coal per kilowatt hour. Assuming 
the coal to have a calorific value of 12,500 b.t.u. per lb., find the overall efficiency; and 
state approximately how the losses would be distributed between boilers, engines, and 
dynamos. 

Ans. Overall efficiency, 15-6%; Dynamo efficiency, 95%; Engine efficiency, 
20% (thermal on B.H.r. basis) ; Boiler efficiency, 75%. 

3. Power company’s charges. 

Enumerate the principle on which power company’s charges are made. To what base 
must these charges be reduced in order to compare the cost of purchased power with 
that generated locally? 

Ans. Fixed charges of £4 per annum per kW of maximum demand. Charge of 
0-5 pence per b.o.t. unit. Coal charge, 0-03 pence per unit per shilling increase or 
decrease in the cost of coal per ton above the basic price of 12 shillings. Minimum 
annual payment about one-half of the anticipated annual payment. 

4. Economics of a power station. (B.Sc. 1918.) 

In a power station coal having a calorific value of 7250 o.H.u. per lb. is burnt in the 

boilers. It is found that in a shift of 8 hr. the number of pounds of coal burnt is 
C = 16,750 + 2-2ii and the number of pounds of water evaporated is W — 11,900+ 16-5.K, 
where K is the number of kilowatt hours per 8 hr. shift. If the boilers generate steam 
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from 70° C. at a pressure 220 lb. per sq. in. superheated to 400° C. and the output of 
the station is 20,000 kilowatts, determine 

(1) The overall thermodynamic efficiency of the station. 

(2) The efficiency of the boilers. 

(3) The combined efficiency of the engines and boilers. 

5. Conversion from steam to producer gas. 

On an isolated metalliferous mine the fuel supply for the boilers was obtained by 
drawing upon the hard woods which grew in the vicinity of the mine, and over a period 
of 15 years this practice exhausted the supply within a radius of 12 miles. 

The management then decided to replace the steam plant by gas plant which would 
operate on the remaining soft woods (the distribution of which can be taken as approxi- 
mately equal to the original distribution of the hard wood). 

From the following figures, determine the saving effected by this conversion in the 
16th year of the mine’s life: 

Total annual power output = 6,000,000 b.o.t. units. 

Fuel consumption, steam plant = 5-65 lb. per b.o.t. unit. 

Fuel consumption, gas plant == 3-0 lb. per b.o.t. unit. 

Cost of purchasing, cutting and transporting timber from a radius of r miles 

“ £A (1 + 0-7r) per ton. 

Total cost of supplying and erecting the gas plant = £14,000. 

Ans. Annual fuel cost of steam plant drawn from 12 miles radius = £37,350. 
Fuel cost of gas plant drawn from 4 /yjn miles radius at the end of the first year’s 
working =£3820. Total annual saving £19,530. 

6. Conversion from gas to oil engines. 

Power is supplied to an isolated mine by four convertible gas engines operating on 
wood fuel gas producers, the fuel being drawn directly from the bush. 

The total annual output was 6,000,000 b.o.t. units. 

Fuel consumption = 3-1 lb. per kilowatt hour. 

Average distribution (w) of wood = 500 tons per sq. mile. 

Total cost of fuel from opening of mine to any time t years 

- £c H Ws*-*]- 

where W = total fuel consumed per annum in tons, 
w = distribution of wood in tons per sq. mile, 

B = £A- (Cost of felling and replanting per ton of wood removed), 

A = £r 5 8 o (Cost of transport per ton per mile). 

Determine the time when it is desirable to convert to oil at an additional cost of 
£1500, if the oil consumption is 0-584 lb. per kilowatt hour and its cost is £5 per ton. 
Note that the conversion cost must be saved during the first years running. 

Ans . Convert in the 5th year. 

7. Site of a hydro electric power station. 

A metalliferous mine is situated at an elevation of 500 ft. Fifty miles away at an 
elevation of 1500 ft. is a lake that can supply the power requirements of the mine, 
whether the generators are placed near the lake or near the mine. 



Plant Economy 745 

Compare the two schemes as regards the total volume of water used per second and 
their overall efficiencies, making use of the following data: 

(a) Horse-power required at mine = 3000. 

(b) Available head when generators are at the lake end — 700 ft. When situated at 
mine = 1000 ft. 

(c) Diameter of pipe line = 5*0 ft. 

(d) Loss of heat in pipe line in feet per mile = F 2 /2, where V is the velocity of flow in 
feet per second. 

(e) Combined efficiency of turbine and generator = 70 %. 

(/) Voltage generated at the lake end — 10,000, 

(g) Transmission drop per mile = 20*0 volts. 

What other factors must be considered before deciding on the plant, or its site? 

Ans . With the station at the mine : volume, 9ft9 cusecs ; Overall efficiency, 27*35 % . 
With the station at the lake: volume, 00*2 cusecfc; Overall efficiency, 03%. 

/ 

8. Combination of Diesel engines and steam plant. 

The daily output of a certain power station is shown in curve (1), whilst the cost of 
fuel in pence per kilowatt hour for various load factors of both Diesel and steam plant 
are given by curve (2). 
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Fig. 379. 
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From these curves determine the cost of fuel in pence per day: 

(а) If steam plant alone is employed. 

(б) If Diesel plant alone is installed. 

(c) If an 8000 kW steam set works in conjunction with a 12,000 kW Diesel set. 

The steam set is to work constantly at 75 % load factor, whilst the peak load is to be 
carried entirely by the Diesel engine. 


Suitable tabulation of results 


Load 

factor 

Hours of 
operation 

Output 

kW 

Fuel cost in 
pence per 
b.o.t. unit 
generated 

Total cost 
of fud 
per day 







9. Fig. 380 shows the power variation on a mine during a period of one week. Deter- 
mine the weekday power factor. 


Maximum Installed Power =1800 H.P. 



Using gas power, give, with reasons, the size and number of engines and producers 
that would be suitable for this mine. 


10. Economics of steam generation. Monetary loss due to moisture in coal. 

If the calorific value of coal costing 30.9. per ton is 11,000 b.t.u. and the moisture 
content is 10 %, find the loss in fuel value per boiler per annum in £’s due to the moisture 
if the fuel consumption per boiler is 2500 tons per annum. In view of this loss, what is 
the object of wetting some grades of coal before firing ? 

Note the calorific value is for the dry fuel. Ans. £47. 

1 1 . Monetary loss due to dirty tubes. 

If an economic type boiler has an output of 6000 lb. of steam per hour for a fuel 
consumption of 760 lb. when the tube surfaces are clean, and by deposits on the tubes 
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half the heating surface has its conductivity reduced by 25 %, find the additional cost 
of the fuel due to the dirty tubes if the evaporation is maintained constant over a period 
of 50 weeks at 144 hours’ working per week. Take the coal as costing 305. per ton. 

Ans. £520. 

12. Radiation loss from a steam pipe. 

If 150 ft. of 8£ in. diameter steam pipe is exposed to the atmosphere, and there is an 
average loss of 3 b.t.u. per sq. ft. per C F. difference in temperature between pipe and 
atmosphere, find the cost per annum if atmospheric temperature = 60° F. 

Steam at 150 lb. per sq. in. has temperature 360° F. Calorific value of fuel = 11,000 
b.t.u. Cost of fuel = 30s. per ton. Boiler efficiency = 65 %. Ans. £250. 

13. Monetary loss due to leaky steam pipe joint. 

If in a main steam pipe the pressure is 150 lb. jter sq. in. and thirty of the joints leak 
to such an extent that on an average 1 pint of w^ter is lost per joint per hour, find the 
cost of the leaks per annum, given Total heat of steam at 150 lb. per sq. in. = 1 193 b.t.u. 
per lb. Fuel = 30.9. per ton. Boiler efficiency = 6j5 %. Ans. £36. 16$. 

14. Heat loss in flue gases. 

Flue gases having a temperature of 600° F., air temperature being 60° F., are passed 
from a chimney. Calorific value of fuel = 12,500 b.t.u. per lb. Weight of air supplied 
per lb. of fuel = 22. Calculate the percentage heat lost in flue gases. 

If 4 lb. of coal is burned per B.H.P. hour, what total saving per day would result in a 
800 h.p. plant, running with a load factor of 0-625, from the introduction of induced 
draught and economisers, which save 70 % of the heat in the flue gases? 

Ans. 23-8%; 16-6%; with coal at 305. a ton £5-35. 

15. Forced draught and economisers on small plant. 

A company of fan makers claim that 1000 lb. of coal can be burnt at 1-5 in. water 
gauge for the expenditure of 4 b.h.p. Find the net saving in fuel by installing “Forced 
draught” and “Economisers” in a 200 ii.p. plant if 

(a) The electric fan drive is 80 % efficient. 

(b) The economisers reduce the gas temperature from 500° to 350° F. Specific heat 
of gases = 0-25. 

(c) Fuel consumption = 5 lb. per b.h.p. hour. 

( d ) Air per lb. of fuel — 18 lb. 

(e) Calorific value of coal = 12,500 b.t.u. per lb. 

Ans. Net savings per hour 5 pence. 

16. Scaling of boilers. 

How can the relation between the reduction R in heat transference due to deposits 
of scale in mine boilers during time t be obtained without special testing equipment or 
upsetting the routine of the mine? 

If the relation is found to be R = At n , where R = reduction in heat transference in 
O.H.tr* per hour, t = time in hours from last scaling, A and n are constants, show that the 



748 Plant Economy 

total annual cost of running the boilers is a minimum if 



where V = monetary value of 1 c.h.tj. per hour when transferred across the boiler plate, 
S fixed scaling cost. 


17 . The fuel cost of a Lancashire boiler is proportional to the thickness of scale deposits, 
and for continuous working the thickness of scale is proportional to time. Find the time 
at which the boiler should be scaled if the total annual charge, including scaling, is to 
be a minimum. 


Ans. Time in months x = 



Scaling costs 
m 


, where mx = Loss in f s per month due 


to deposits at end of time x. 


18. Most economical diameter of a chimney. 

The effective draught in inches produced by a vertical circular chimney of internal 
diameter D is given by _ Ty __ 

*-[*>-»• W‘T»], 

where h 8 is the draught when there is no flow, 

H is the height of the chimney in feet, 

T is the absolute temperature of the flue gases in ° F. 

W is the weight of flue gas, lb. per sec., 

D is the diameter of the chimney in feet. 

The cost of the chimney is given by C — 

Show that the diameter of the cheapest chimney is given by 

d ^)3W*TH 

Note the height of the chimney is determined by the values of h and T. 

19. Steam pipe lagging. 

Determine the economic thickness of steam pipe lagging so that the total annual costs 
(maintenance, investment and heat loss) shall be a minimum. 



20. Modernising Lancashire boilers. 

Discuss the respective economies likely to accrue from the installation of economisers, 
superheaters and mechanical stokers to a battery of Lancashire boilers. 

Give a complete list of the equipment needed in a change-over from hand firing. 

21. Comparison between mechanical stoking and pulverised fuel. 

The following figures represent the economics of a pulverised fuel plant: Heating 
surface = 7980 per sq. ft.; Normal evaporation per sq. ft. = 10*01 lb. per hr.; Number 
of operating hours per annum = 6500; Capital outlay = £53,050; Interest = 6%; 
Depreciation = 6 %; Insurance and taxes = 1^ %; Annual fuel consumption = 35,700 
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tons fuel cost (pit-head) = 3 s. 9 dr, Operating costs (labour, power maintenance) per 
annum = £5206. Find the total cost per 1000 lb. of steam produced. 

With mechanical stoking, capital outlay = £47,400, cost per annum = £25,207. 
Find return on additional capital expenditure with pulverised fuel. 

Arts . Total annual savings £6151. 

22. Air supply to blast furnace. 

The moisture content in the air supply to a blast furnace was found to be 5 grains 
per cubic foot. Find the saving in fuel per 350 working days of 24 hours’ duration if the 
moisture content is reduced to 1 grain per cubic foot, given: Cost of smelting coke, 
£1 per ton; Calorific value of the coke, 13,000 B.t.u. per ton; Air blast temperature, 
1450° to 1500° F.; Outlet temperature from furnace, 720° F.; Air supply to furnace, 
35,000 cu. ft. per min.; Specific heat of steam, 0-6; Latent heat, 970 ij.t.u. per lb.; 
Atmospheric temperature, 60°. 

There are 7000 grains in 1 lb. A ns. £494. 

23. Exhaust feed heater. 

Find the weekly saving in fuel (in tons) effected by installing an exhaust feed heater 
in a steam plant, given: b.h.p. of engine = 100; Pressure ot exhaust steam — 16 lb. per 
sq. in.; Steam consumption = 18 lb. per b.h.p. per hr.; Latent heat in steam at 16 lb. 
per sq. in. = 968 b.t.u.; Temperature 21 6° F.; Duration of running = 60 hr. per week; 
Efficiency of heater == 80%; Calorific value of fuel = 12,000 b.t.u. per lb.; Dryness 
fraction of exhaust == 0*75. Ans. Approximately 3 tons per week. 


MISCELLANEOUS EXAMPLES 


1 . Belt and pulleys. 

By making use of the following data, determine the pulley diameter which will give the 
cheapest arrangement for transmitting lOir.r. from one pulley on the shafting to an equal 
diameter pulley supplied on the machine: Rotational speed = 192 r.p.m.; Coefficient 
of friction = 0-4; Safe tension per inch width - 70 lb.; Centres of pulleys = 20 ft.; 
Price of “Balata” belting = fa (width of belt in inches) shillings. Pulleys in all cases 
to be 1 in. wider than the belt; one pulley and one belt to be supplied. 


Price of cast-iron pulleys in shillings 



2. Economics of a motor car. 

From the published price of new and second-hand 12 h.p. motor cars, plot, on a time 
base, a curve of depreciation. If insurance, taxes and garaging amount to £44 per annum, 
plot,* on a time base, a curve of total “Standing charges”. If, on the basis of 10,000 
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miles per annum, the running costs (petrol, tyres, oil and general attention) amount to 
£42 per annum, show that the total annual cost decreases with the age of the car, so that 
even allowing £40 for a general overhaul at the end of each three years of ownership, 
a sum ranging between £30 and £50 may be saved by repairing an old well-designed car 
rather than by buying a new one. 

3. Example on leakage of compressed air. 

In a compressed air plant it was found that with the discharge valves of the com- 
pressor shut and no pneumatic machines working the pressure in the air receiver, volume 
100 cu. ft., fell from 100 to 50 lb. per sq. in. in 10 min. Determine 

(a) The leakage of air in lb. per hour if temperature at 100 lb. per sq. in. was 60° F. 
and at 50 lb. per sq. in. was 55° F. 

(b) The Joss of energy to whole plant in ft. -lb. per hour, if thermal efficiency of com- 
pressor compared with isothermal compressor as unity was 85 % and mechanical 
efficiency of compressor 85 %. Thermal and mechanical efficiencies of oil engine = 20 
and 85 % respectively. Take atmospheric temperature and pressure as 50° F. and 15 lb. 
per sq. in. 

(c) What is the lowest pressure to which the test could be continued, if, for a maximum 
weight discharged of any gas, the ratio of pressures at each side of orifice is 

Pi ( 2 \tt-l, 

ix l»+i; 

(d) What is the financial loss per annum of 300 working days each of 8 hours’ duration, 
if cost of oil fuel per ton = £8. 10^. 0 d., and its calorific value = 19,500 b.t.u. per lb.? 

(e) In what type of plant would air leakage entail the greatest financial loss? 

Ans . (a) 154 lb. per hr.; (b) 644 x 10 5 ft.-lb.; (c) 28*4 lb. per sq. in.; (d) £38. 10$.; 
(e) Small power intermittent plants working on petrol. 

4. Electric motors. 

An electric motor costing £100 develops 10 b.h.p. continuously at an efficiency of 
84 %. A second motor costing £85 develops the same power continuously at 82 % 
efficiency. Which is the better motor to install if power costs 2d. per unit and interest 
on the investment cost is 5 %. State the annual saving. Ans. The first £14*75. 

5. Most economical vacuum to employ in a condenser. 

For a surface condenser, determine the most economical vacuum to be employed, 
allowing for the cost of circulating water, the cost of the condenser, and the loss of the 
available energy through the vacuum being less than the turbine could handle. 
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CHAPTER XXII 


JET PROPULSION AND THE GAS TURBINE 

Principles of jet propulsion. 

The successful application of jet propulsion to the design of high speed aircraft, 
capable of operating at great altitudes, lias embodied a principle which has already 
been tried for the propulsion of ships, and the larvae of the dragon fly. 

The propulsive effort of a jet-propelled machine is derived from the reaction of 
a jet that is directed rearwards with considerable velocity, as for example in 
the case of the simple rocket in which the jet is obtained by the combustion of 
powder. For the efficient production of large powers fuel is burnt in an atmo- 
sphere of compressed air, the products of combustion expanding first in a gas 
turbine which drives the necessary air compressor and second in a nozzle from 
which the thrust is derived. Paraffin is usually adopted as the fuel because of 
its ease of atomisation and its low freezing point. 

Jet propulsion was utilised in the German Flying Bomb, the initial compression 
of the air being due to a divergent inlet duct in which a small increase in pressure 
energy was obtained at the expense of the kinetic energy of the air. Because of 
this very limited compression the thermal efficiency of the unit was low, although 
a power of about 600 H.r. was obtained. In the normal type of jet-propulsion 
unit a considerable improvement in efficiency is obtained by fitting a turbo- 
compressor which will give a compression ratio of at least 4:1. 


Principal features of a jet propulsion unit with gas turbine and rotary 
compressor. 


The essential features of this type of propulsion unit, which is shown diagram- 
matically in Fig. 381, are: 



Fig. 38 1. Layout of jet propulsion power unit. 


(1) An inlet duct of diverging shape by means of which an increase of pressure 
energy (which may reach 25 % of the ambient air pressure) is obtained at the 
entrance to the compressor. 
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Fig. 382. From this partly sectioned drawing of the Rolls-Royce Derwent jet engine the general arrangement of the 
air compressor, combustion chambers and turbine can be seen. The fuel injection and control components are mounted 
on the front of the compressor. 
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(2) A compressor of the radial or axial type which raises the pressure of the 
air and delivers it to the combustion chambers. 

(3) The combustion chambers, which are arranged radially around the axis 
of the turbine and in which paraffin is sprayed into the air. As the result of 
combustion at constant pressure the temperature of the air is raised. 

(4) The gas turbine, into which the products of combustion pass on leaving the 
combustion chambers, and in which they are partially expanded to provide the 
power necessary to drive the compressor. 

(5) The discharge nozzle in which expansion is completed, thus developing the 
forward thrust. 

Fig. 382 shows the Rolls-Royce Derwent jet engine which employs a centrifugal 
compressor, straight through combustion chambers, and a turbine of the impulse 
reaction type. The unit weighs 1250 lb. and the turbine develops 11,000 b.h.p. 
when providing 2| tons of air per min. which is necessary to maintain a speed of 
600 m.p.h. 

Thrust boosters. 

Because of the high air/fuel ratio used there is a considerable excess of oxygen 
in the products of combustion leaving the turbine and the thrust may, therefore, 
be augmented by burning fuel between sections 7 and 8 in Fig. 381 , an increase of 
about 20 % being attainable by this means. The additional heat increases the 
adiabatic heat drop in the nozzle, but, as the specific volume of the air is also 
increased, the cross sectional area of the jet tube must be capable of variation. 

Although this method affords a simple means of obtaining increased thrust it 
is responsible for a considerable increase in specific fuel consumption, this being 
expressed in lb. of fuel per lb. of thrust. Increased thrust has also been obtained 
by Messrs Power Jets by means of the following methods: 

(1) the injection of water in the compressor, which not only improves the 
efficiency of compression, but by reducing the temperature of the air after com- 
pression i ncreases the mass flow and permits of the combustion of a greater weight 
of fuel for the same limiting maximum temperature. An injection of 102 lb. of 
water per min. into the compressor inlet of a W2B engine increased the thrust 
by 18%; 

(2) the injection of ammonia (into the combustion chamber), which because 
of subsequent dissociation eff ected an increase in mass flow and hence an increase 
in thrust. An injection of 4-4 % of ammonia gave an increase in thrust of 22-4 % 
in a W2B engine. 

Difficulties encountered in the development of jet propulsion units. 

As the propulsive thrust is due to the residual energy in the gases after they 
have developed sufficient power in the turbine to drive the compressor, the overall 
efficiency of the plant will depend upon the efficiency of these units, and upon 

48 
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the efficiency of combustion. The principal difficulties encountered may be 
summarised under the following headings: 

(i) Rotary compressor. 

The early types of compressor were of low adiabatic efficiency, whilst, because 
of their narrow operating range, difficulties were encountered in starting and 
running at part loads. 

At part loads the compressor may be unable to maintain the delivery pressure, 
thereby causing a reversal of flow, and sometimes violent surgings. 

Fatigue failure of impeller blades occurred, especially when the number of 
blades on the impeller was a multiple of those in the diffuser. 

High-speed shafts supported in three bearings are often a source of trouble, 
the difficulty being increased if mis-alignment due to thermal expansion occurs. 
The use of single entry impellers enables the third bearing to be omitted, while 
further improvements result from air cooling of the bearings and the use of a low 
viscosity oil suited to the high speed. 

Whilst on the basis of adiabatic efficiency the multi-stage axial compressor is 
superior to the single stage centrifugal type, in practice the former is subject to 
certain disadvantages, of which the most serious is the difference between its 
best running speed and that of the turbine. A high overall efficiency may not, 
therefore, be obtained from such a direct coupled plant. A reduction in air flow 
through an axial compressor may cause a rapid decrease in delivery (i.e. 
“stalling”), although this condition is unlikely to arise during flight because of 
the ramming effect of the intake air. 

A single entry centrifugal compressor may now be designed to give an adiabatic 
efficiency of 80%, but disc stress, with single stage turbines, limits the com- 
pression ratio to 4: 1 and the delivery temperature to about 200° C. A double 
entry centrifugal compressor is smaller in diameter than the single entry type, whilst 
the impeller stress is lower, and the end thrust small. The ductingis,however,more 
complicated than with the single entry type, and the rotational speed higher. 

Due to the decreased adiabatic efficiency, caused by increase in the compression 
ratio, it is not economic to use a compression ratio higher than 7:1, whilst the 
increased air temperature, consequent upon decreased adiabatic efficiency, limits 
the amount of fuel which may be burnt for the same permissible maximum 
temperature (1000-1600° F.). 

At high altitudes the low pressure and temperature permit of both a fair 
compression ratio and a reasonable fuel consumption, the power output then 
being greater than at sea level. Higher compression ratios become possible with 
stage compression, axial or axial-centrifugal compressors being used. 

(ii) Gas turbine. 

The principal difficulties encountered in the design of the turbine were the 
provision of materials which would stand up to high temperature conditions, and 
the arrangement of the blades to obtain axial discharge. 
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Special heat-resisting metals, usually nickel -chrome steels, are employed for 
parts subject to high temperature, the turbine blades being made of a high-nickel 
alloy “Nimonic” which maintains its strength at elevated temperatures, and 
effectively resists corrosion and creep under these conditions. As the coefficient 
of expansion of a heat-resisting metal may be 50 % greater than that of mild 
steel, care must be taken to minimise heat flow and to make adequate allowance 
for expansion in view of the high-temperature differences which may occur over 
the parts affected. Bolts subjected to high temperature should be coated with 
zinc or a colloidal silver compound to facilitate removal of the nuts. 

If both undue friction losses and a torque reaction on the machine are to be 
avoided the gas must leave the turbine bladesf axially, and must possess the same 
velocity at all radii. This condition is obtained by using twisted blades which 
at the roots arc mainly impulse and at the tips are mainly reaction, the 
angular momentum and the work done pe? lb. of gas being the same at all 
radii. 

The maximum speed of the turbine is determined by the rate of change of 
momentum of the gas, and the resistance offered by the compressor. When the 
pressure drop over the turbine nozzles reaches its critical value the maximum 
mass flow is obtained and the speed of the turbine is near its maximum. 

(iii) Combustion chambers. 

Because of the necessity of limiting the maximum temperature in the combus- 
tion chamber to about 1 200° F. a large amount of excess air must be supplied, 
the air /fuel ratio being of the order of 60: 1. As mixtures of this order are almost 
unignitable, especially if the combustion chamber be large, the problem of ob- 
taining efficient combustion with a short and stable flame presented considerable 
difficulty. A further difficulty was encountered in early turbines due to the 
swirling discharge from the compressor, which caused the gases to stratify in 
layers of differing density, the low-density high-temperature gas being con- 
centrated at or near the blade roots with consequent overheating at this 
point. 

A solution to these difficulties was found by arranging several combustion 
chambers radially around the compressor and turbine, each being fitted with a 
perforated flame tube into which the fuel was sprayed. The air/fuel ratio in the 
flame tube was about 15 : 1, the remaining air passing over the outside of the tube, 
and thus being pre-heated before mixing with the products of combustion. 

(iv) Power output. 

This is limited by the maximum permissible temperature and by the highest 
permissible blade speed, as the materials used cannot endure for long periods the 
severe working conditions obtaining at full load. The control of the power de- 
veloped by the jet tube is usually effected by varying the fuel supply. 

* * 8-3 
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Comparison of jet propulsion with other systems. 

Advantages of jet propulsion. 

(1) At speeds in excess of 500 m.p.h. and at altitudes greater than 30,000 ft. 
the efficiency of the jet is much higher than that of a propeller. 

(2) With a dynamically balanced rotor there is an absence of vibration, a 
condition which is not attainable with reciprocating engines and propellers. 
Greater reliability is thus achieved. 

(3) Combustion and delivery of power are continuous, whilst peak and 
fluctuating pressures do not occur. 

(4) The unit can operate over a large range of mixture strength and can bum 
most liquid fuels. The power is not limited by detonation, and thus may far 
exceed that developed by a reciprocator. 

(5) The power unit is easy to instal and is smaller and lighter than a reci- 
procating engine of the same power, whilst it requires neither internal lubrication 
nor radiators. 

(6) There is no slipstream loss, the drag is reduced, and warm compressed air 
is available for cabin heating. 

(7) The arrangement of the unit permits of a better position of the pilot whilst 
the absence of a propeller permits of a smaller undercarriage. 

Disadvantages of jet propulsion. 

(1) Certain difficulties are encountered in the running of the propulsive unit 
(see pp. 754-5). 

(2) The low compression ratio and high proportion of excess air result in low 
thermal efficiency, this effect being particularly marked at low powers. At low 
altitudes, and at speeds up to 300 m.p.h., the fuel consumption is 2 to 3 times 
that of a reciprocator, the system is less manoeuvrable and the propulsive take- 
off so reduced that a thrust augmentor may be necessary. Under these conditions 
the range of the aircraft is limited. 

(3) The compression ratio is not constant as in the reciprocator, but varies 
approximately with the square of the rotational speed. 

(4) The power plant is very noisy, materials costly, and life short. 

Fuel economy is greatest with a combination unit in which the reciprooator 
deals with the high temperature part of the cycle, and the turbine with the 
exhaust gases. 

Air standard cycle for a jet propulsive unit. 

Basic ideal cycle. 

This is shown in Fig. 383, which is based upon the assumptions that the working 
fluid is a perfect gas of constant specific heats, that expansion and compression 
are adiabatic and that heat reception and rejection are effected by external 
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agencies, rather than by chemical action and exhausting. This cycle is identical 
with the Joule cycle described on p. 73, for which the air standard efficiency is 



Fig. 383. Joule cycle. 


As r is difficult to assess for a rotary compressor, it is usual in this case to use 
the pressure ratio r p . 

Actual cycle . 

This is shown in Fig. 384, the operations in the cycle being as follows: 



v 

Fig. 384. pv diagram for jet propulsion unit. 


1- 2. Auto-compression in the inlet duct, some of the kinetic energy of the 

entering air being converted into heat which produces a small increase in 
volume. 

2- 3. Compression due to vortex motion in the impeller, further heating occurring. 
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3- 4. Transformation by the diffuser of some of the kinetic energy of the impeller 

discharge into pressure energy. 

4- 5. Heat reception at constant pressure in the combustion chamber. 

5- 6. Adiabatic expansion through the turbine nozzles and blades. 

6- 7. Reheating due to friction losses in nozzles and blades. 

7- 8. Adiabatic expansion in the jet tube. 


Distribution of work in a jet propulsion unit. 

(a) Ramming effect in inlet duct. 

Applying Bernoulli’s equation of p. 320 to sections (1) and (2) of the duct 
shown in Fig. 381, we obtain: 

^+-i + Zi + JC v T 1 +W + H = 1 - h+B +Z2 + J c v T s . 

P 1 P 2 


In this case z x = z 2 , and since neither external work nor heat are given to the 
air, the equation reduces to 


Yi w i ‘t +J0 - T )-^ +JC ’ T ^ 


and since, from the definition of total heat, JH — - + JC/I 1 = JC„T, y 

P v P T* 


F 2 — F 2 


•a) 


This computation may be facilitated by using the Temperature Equivalent 
of Velocity* H v , where 


H v = 


F 2 

2 gJG p m 


H v has the dimensions of temperature. Applying it to equation (1): 

H Vl + T t — H Vt +T z . ......(2) 

Taking C p for air as 0-24, we have from the definition of H v : 

V = \[2gJO^H v = V04-4 x 1400 x 0-24H„ = 147 ft. per sec. 

This expression shows that 1° C. fall in temperature is equivalent to 100 m.p.h. 

As a result of the compression thus obtained the machine is subjected to a 
retarding force due to the reduction in momentum of the air entering and leaving 
the duct. If w lb. of air passes through the duct per sec. then 


w J 


Retarding force on machine = — (Ji~- !$>) lb. 

g 


♦ See example “Gas turbine diffuser”, p. 858. 
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Ex. The entry duct to an engine is so shaped as to reduce the velocity of flow to a 
negligible value. If the machine is travelling at 500 m.p.h. at such an altitude that the 
air temperature at admission is — 18° C., find the temperature aftor compression and 
the pressure ratio. 500x5280 

3600 = 14 ' V ^ v ‘* 

H Vl = 25° C. 

//„, 4- === T 2 . 

25 + ( — 18) == fjj. 

4 — 7° C. 


HL) 


1-4 

25 \i 


1-388. 


(6) Compressor work . 

When the index of compression n is less than y a reasonable estimation of the 
work done W on the compression cycle is given by 




(p. 87) 


When n > y this equation gives an erroneous result, and an alternative method 
must be used. Applying Bernoulli’s equation to points 1 and 2 of Fig. 27, and 


considering 1 lb. of air: 


- + !, ’ + ~1 + JC r 'A + H+ W = 2* + 5 * + 2* + JG V T.,. 

Pi ~ ( J Pz 

If the changes in kinetic and potential energy are small 

W - (''* + JCJF^j - + JC V T^ - H. 

W = JC p (T t -T^-H per lb. of air. 

Let the law of the compression curve be pv n = C, then since - I -- 
work done per lb. of air by the conventional equation is: 


n— 1 v 


r^H- 


( 2 ) 


A comparison of equations (1) and (2) indicates that equality is obtained 
only when n-y and H = 0. If there is no heat interchange during compression, 
as will occur in an uncooled compressor, and if n = y 4- A, then 


„ H) 


/ n \/y-i\ V yj 
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As the numerator is less than the denominator this coefficient is less than unity, 
thus even when radiation loss is ignored the work done as given by the conven- 
tional equation is less than the actual work done. 

The actual work of compression has been shown in Fig. 384, in which (l)-(2)' 
is an adiabatic passing through (1) and (2')-(4) an isothermal passing through (4), 
p' 2 thus being the pressure to which the air must be raised by adiabatic compression 
in order that it may have the same temperature as after the actual compression. 



Applying the conventional equation to the equivalent diagram, the work 
done per lb. of air is given by 



= JC p (T 2 -T x ). 


Thus if w is the rate of air flow in lb. per sec. : 


h.p. to drive compressor = 


wJC p T x 
~~ 550~~ 



( 3 ) 


The power as determined by this equation depends upon the accuracy with 
which T 2 can be measured, and as must be the average temperature of a rapidly 
moving air stream its value is difficult to determine. The accuracy is further 
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limited by the assumption that there is no change in kinetic energy, and as this 
is not the case in an actual compressor an alternative assessment of the com- 
pressor power is desirable. 

Considering the flow of air to and from the impeller, we may write: 

Torque to be applied to impeller shaft = Rate of change of angular momen- 
tum of air. 


h.p. to be applied to impeller shaft 



Vw 0_™ r»2 Vy \ 

Po v 'Ui 


= j(Vw 9 R Q -Vir t R t ). 


tpw 

5S(k/ 


(V«'»R 


0 


V"'iR,), 


W 


where Vu' n and Vw t arc the velocities of whirl at exit and entry to the impeller, 
the corresponding radii being R 0 and R t . 

In the compressor illustrated the air enters axially, hence Vu\ = 0. As radial 
blades are usually fitted to facilitate manufacture, Vw Q is equal to the tip speed 
S 0 at exit. We thus obtain: 


Impeller h.p. 


>r /2nX\l2nR„N \_ w /7r/> 0 .V\ 2 

If/ \ HO / \ 00 7 550(/V 00 /* 


(’>) 


Allowance must also be made to cover the effects of leakage and of frictional 
resistance to the rotation of the impeller. 


(c) Heat supplied in the combustion chamber. 

If the effects of changes inkinetic energy , friction, imperfect combustion, dissocia- 
tion and radiation losses be ignored, then the heat supplied in the combustion 
chamber, per lb. of products of combustion, is C p (T 5 — T t ). Alternatively: 


Calorific value of fuel (c.v.) === (wt. of air per lb. of fuel + 1) C p {T r> - T x ). 

' ( 6 ) 

C p has a value of approximately 0-26. 

In jet propelled aeroplanes without heat exchangers it is uneconomic for 
to exceed 1100° K. 


T, 


A more accurate expression is C v {T h — r l\) 


c.v. fuel 


xa — b where a allows 


(M.s. + l) 

for radiation, and imperfect combustion, and b for dissociation. M.s. = Mixture 
Strength. 


(d) Work done by the turbine. 

Applying Bernoulli’s equation to sections 5 and 7 of Fig. 381, and disregarding 

T 1 * 1 _ . 


radiation losses: 


Vs 


Vs % 


Vi +JC v T 5 +W=^ + 


Ff 

V-, ' 


+jc v t 7 . 
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A more exact expression may be obtained by considering the machine to be 
flying in a quiescent atmosphere, when the available energy is the calorific value 
of the fuel plus the kinetic energy of the fuel. Hence: 

^ , ^ . Thrust work + Residual k.e. of jet (relative to ground) 

erma e ciency — jj ea ^ suppTied by fuel + Initial k.e. of fuel (relative to ground) 


w T S tT TT VI ( V-U ) 2 r 1 "I 

-U V-U + +• — r — ^ -w 1 + 

g |_ m.s.J 2g |_ m.s,_ 

w T w U i 

x c.v. x J + ■ — 

M.s. M.s. 2 g 

a ,c.v. U 2 
2 gJ b ■ 

M.S. M.S. 


>1.= 


[©’-‘♦iKW] 

M.S. L 


c.v. + l 


] 


Overall thermal efficiency (rj 0 ) — 


Thrust work 


Heat supplied + Initial k.e. of fuel (relative to ground) 


(J 

V- 

- U + J- - 

M.S._ 


w 

— - -xc.v. 

M.S. 

2m.s.^| 

• w U 2 

X J “1 — 

M.s. 2g 

1 

-2g/C.V. / 

. v 8 +1 J 



In the case of a rocket, m.s. = 0, and this expression reduces to: 


1Qo = 


2 


V 

U 


2g^C.V. . / 


The overall efficiency reaches its maximum value when the temperature at the 
outlet of the combustion chamber is about 1 1 00° K. Higher temperatures not only 
produce higher jet velocities with a corresponding reduction in propulsive 
efficiency, but are at present limited by metallurgical considerations. 
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Specific fuel consumption of a jet engine. 

As a jet engine on test develops thrust but not power, the specific fuel consump- 
tion is based upon the former, and is given by 

Fuel burnt per hr. (lb.) 

Net thrust (lb.) 

The equivalent b.h.p. to be developed by a reciprocating engine driving an 
airscrew of efficiency 7j 8 is given by 

Thrust x Velocity 
550 x r) 8 


Individual efficiencies of component parts of a jet propulsion unit. 

(a) Inlet duct . 

Adiabatic! compression work 


Efficiency (t j d ) = 


Input kinetic energy 


T a 2 — T x 


where T a z is the temperature at the end of adiabatic compression and T 2 the 
temperature at the end of actual compression. rj d may exceed 0*9. 

As the function of the inlet duct is to obtain a pressure rise rather than a 
temperature rise, in which it is less successful, the ram efficiency (rj n ) is used, where 


Vn 


ftr-Pi . # 

Pressure rise (all losses disregarded) as given by Bernoulli’s equation’ 


(b) Compressor . 

Referring to Fig. 381, p. 751 (and p. 116), the adiabatic efficiency of the com- 


pressor is given by 


Vc 


T a*~ T > 


(?f- 


T — 7 T 




• 0 ) 


-1 


An adiabatic efficiency of about 85 % is now attainable with axial and centri- 
fugal compressors of good design provided the compression ratio is not high. 

To permit of the comparison of the performance of different types of com- 
pressors the polytropic efficiency* t] p has been introduced. This corresponds to 
the stage efficiency of a compressor with an infinite number of stages in which 
the adiabatic temperature rise per stage is ST a , and the actual temperature rise 
is ST, and is given by $p 

r tp = ~Sf‘ 


Now 


T + ST a (p + Sp\y-l 
T \ p ) 7 ’ 

* Or small stage efficiency. 
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Expanding by the Binomial Theorem, and considering only terms of the first order 


8T a ^y-l8p 
T y p ' 
y — 1 8p T 

Vp = —J*8T‘ 

ST _ y— 1 8p 
~T “ ~y% ~p‘ 

Integrating log c ^ log e ^ , 

rVp P 2 

y-i 

^4 / P4\rVr 

T t W ’ 

whence by (1): 

*- 

(Pj\v'p j 
VPs/ 



7-1 



Let polytropic compression take place according to the law pv n = c, then 


n—1 y—l 

T* = l p A n = l p j\^ 
% \2V W 




It should be noted that whilst the adiabatic efficiency of a compressor decreases 
with an increase in compression ratio the polytropic efficiency may remain 
constant. In the above expressions the pressures and temperatures should be 
taken as the mean total head values and not the Btatie. For a compression ratio 
of 4-5 to 1, i/p «=> 87 % and rj c — 84 %; the reverse of what is obtained due to 
reheating in a turbine. 


Burner efficiency. 


Actual temperature rise in combustion chamber 
Theoretical temperature rise 

^5-^4 

r c.v. of fuel *j 

L.Cj>( M - s - + i)_r 


Because of the power required to drive the compressor the pressure drop 
through the combustion chamber is of greater importance than the burner 
efficiency. The pressure drop is about 1^ lb. per sq. in. at sea level but decreases 
with altitude. 
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Turbine efficiency. 

Since the carry-over from the turbine is available for increasing the kinetic 
energy of the jet the turbine efficiency may be regarded as 

— Shaft work -f Carry-over per lb. of gas 
^ Adiabatic heat drop 

7j t 0-85. , 

Jet pipe efficiency. 

Since the carry-over kinetic energy is available for increasing the kinetic energy 
of the jet, the jet efficiency may be expresse4 as 


Vj 


Final kinetic energy in the jet 


Adiabatic heat drop in jet pipe + Carry-over from turbine 
F 2 

»r.l ... 

(2’ 7 — 2' aS ) 4- U ,,7 * 


2g 


JC p (T 7 -T a6 ) + 


Ff 

2 (J 


where H v is the temperature equivalent of velocity. 
The value of rjj is approximately 0-9. 


Balance of turbine and compressor work. 

Under stable conditions the work done by the turbine is exactly balanced by 
the work done in the compressor. Allowance must, however, be made for leakage 
past the turbine blades which results in a decrease in the mass flow through the 
blades. 

If the leakage loss past the blades is l %, we have 


w 


{ l + m'k.) (" 100 Z ) C r > t M ~ T ,) = wC pair (T 4 -T 2 ). 

(gk-j.) 


r 

T — T = P a* r 


<Wi, 1 Wioo-^y 

\ m.s./\ ioo ; 


No correction is necessary for loss due to fluid friction in the turbine and 
compressor, as energy thus expended reappears as heat and thus influences the 
temperatures T A and T 7 . 


Turbine blades. 

The conventional method of determining the profile of turbine blades is based 
on the assumption that the working fluid issues from the guide blades as jets, 
and in the case of an impulse turbine there is no pressure difference over the rotor 
blades. 
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Where the blades are long the inlet angle /? is varied to allow for the change in 
blade speed with radius, see Fig. 386. 

For full peripheral admission it can be shown that the previous assumptions 
are unjustified, the flow from the nozzles being of vortex form, so that there is 
a pressure and velocity gradient over the radius, the velocity of whirl V w being 
inversely proportional to the radius. 



Fig. 386. 


Vortex flow is extremely stable, especially if an axial clearance of at least one- 
quarter of the blade chord is allowed between the fixed and moving blades, and 
an annular channel is provided around this clearance to control the vortex. 

Obviously tho importance of vortex flow is most marked on long blades, but 
a substantial gain in efficiency can be obtained by providing for it on blades 
whose length is only 8 % of the mean diameter of the blade ring. 

The necessary provision for vortex flow, in the case of constant axial velocity, 
V a , is made by varying the blade angles with the radius according to the relations 


tan a = = 


RV a 
C ’ 


tan/? 


V a 




* V a 

tan ^ = ^* 


Variation in /? may be effected by twisting the blade and keeping its axial 
width constant, or tapering so that the leading edge is inclined from the plane 
of rotation. 

For multi-row velocity compounded wheels only the last row of blades is ar- 
ranged to have an axial discharge. At previous rows the angular momentum of 
the fluid in the space between the fixed and moving blades is uniform, as is the 
work done per unit length of blade. 



Jet Propulsion and the Gas Turbine. 769 

Apart from consideration of the turbine, to avoid a torque reaction on the 
aeroplane and to utilise fully in the jet tube the carry-over from the turbine, it is 
desirable that the absolute velocity of discharge from the blades should be axial 
at all radii. Fig. 38tt shows that if this object is to be achieved the blades must be 



so shaped that they are mainly of impulse form at the roots and of reaction form 
at the tips. The best diagram efficiency is obtained when the velocity ratio at 
the blade root is slightly greater than Under these conditions: 


Work done 


per lb. of gas flowing per sec. 



(see p. 419). 


Compressor performance curves using non-dimensional parameters. 

The conventional method of representing the performance of a given compressor 
operating under constant intake conditions is shown u\ Fig. 387. A plot of this 
form does not take into account variation in intake conditions nor does it permit 
of a comparison of the performance of similar compressors of different sizes, and 
as in the case of aircraft these factors are of great importance it is of great value 
to use a plot which will take account of them. This method will enable the 
performance of a compressor to be predicted from that of a geometrically similar 
model provided that in each the fluid motions are dynamically similar, i.e. the 
flow pattern is the same in each. 

The principal forces which control the flow pattern are: 

(i) inertia forces due to accelerating particles of fluid in straight or curved 
lines; 


was 


49 
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(ii) forces due to viscosity effects; 

(iii) elastic forces due to compressibility which cause deformation with change 
in density of the fluid; 

(iv) gravitational forces. 



Compression Ratio 

Fig. 388. Compressor performance. Axial -cum-centrifugal or two stage. 


Consider an elementary volume tv of fluid of density p, and let this element 
undergo an acceleration due to change in either or both of the magnitude and the 
direction of the velocity V. 

•\ Inertia force = Svxpx acceleration, 

= = (i) 


The viscous resistance to flow is given by the product of the shearing stress and 
the area sheared, where 

— — -'£■ 

dV 

where p is the coefficient of viscosity and the velocity gradient. 


Viscous resistance = u-j-x area 

dy 


M L IS ML __ 
LT X T X L ~ T v ~ mVL ' 




fiVL 


Kinematic viscosity "V* 
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.(3) 
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The ratio of the two forces is dimensionless and from (1) and (2): 

L 2 pV 2 W_ IV 

If 

where l is a typical dimension of the compressor. 

The ratio in (3) is Reynolds’ number R. If it is the same for two fluids then for 
each fluid the ratio of inertia force to viscous force must be the same, whence it 
follows that the flow patterns must be similar. 

When the average velocity of the body of fluid approaches the velocity of sound 
in the fluid the effect of compressibility of thefluid (i.e. the volume strain produced 
by change of pressure) becomes highly important. At subsonic speeds the fric- 
tional resistance is dissipated as heat, but at supersonic speeds frictional resist- 
ance sets up waves which produce a sudden increase in pressure and temperature 
with a corresponding reduction in the velocity of flow. The change in the type of 
flow, and the rapid increase in resistance wfiich accompanies it, is indicated by 
the ratio 

Inertia force L 2 pV 2 

Elastic force 


But 


By 5 in 4 


p x L 2 


Velocity of sound in fluid = V s = 

yr* 


V* 

(")■ 

(4) 

\p) 

(5) 


Inertia force 
Elastic force 


vt 


v 

On the assumption that y is constant the ratio { r is a measure of the change 

in type of flow, and is known as the Mach number M. 

If R and M be expressed in terms of quant ities of which measurement can be 
made, non-dimensional parameters can be obtained. Iti the case of a compressor 
the measurable quantities are : the rate of flow (w), the pressure p, the temperature 
T, the rotational speed N, and the shaft power P s . 

As the velocity of flow will be related to the impeller velocity I — —--I, we 
may write from (3) 

_ T) / 2 nJJN\ 

B ~^ \ 00 )• 

ND 2 

whence it follows that the parameter is dimensionless, the impeller diameter 

D h av ing been used as a typical compressor dimension. 

V 2nDN x Constant 


M = 




„ I gyp 


where p is in lb. per sq. ft. 
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ND 

But pip = RT so in terms of the measured variables M oc . This is a most 

V2 7 

important quantity since the variables in both the engine and compressor are 
sensitive to it. 

tv tv JT 

The non-dimensional expressions involving rate of flow are Qr jyfo > the 

dimensions of temperature T being ( LjT ) 2 and p is expressed in absolute units.. 
The complete non-dimensional equation may be written as: 


Pt t* CpJT \ijh) 7 *] _ rp Wr, nd I 

pit,’ p s “jL^VxWn^J 

D may be omitted since it is constant in a given engine. 

Obviously in test work it is possible to work on only one dimensionless para- 

( W'sjT \ 

_ — 1 1 j s taken as abscissa, plots of 
1} PJ N j) 

pJPi, TJT t and the power ratio may be made on this base for a given value of - . 


iv u 

By varying -p- in reasonable steps, a family of curves may be plotted as shown 
<JT 


in Figs. 389, 390 and 391, the curves being limited by the surge point on the 
left, and the minimum pressure ratio towards the base. 



Flow Coefficient \v Jt 
or Air Mass Flow p t 


Fig. 389. 


As an .example on the use of the graphs we usually know p v p it T v D and w. 
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These quantities may be referred to Fig. 389 to locate point A . Knowing the 
position of point A the speed N, which is the primary variable in centrifugal 

y 

compressors, may be interpolated from the speed compressibility parameter ] rr . 



Having obtained the speed, the discharge temperature T 2 may be obtained 
from Fig. 390, and the power from Fig. 391. 



Fig. 391. 

Dimensionless plots are of little value to those who desire to know the effect 
of variation in one particular term. 
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For this purpose corrected values are much better and are obtained thus: To 
correct the speed to standard inlet conditions T a 


For mass flow 
Also 


W 

Pst P 


Pi 

Pi 


P_ 

Pst 


and 


T 1= T_ 
T x Tgf' 


EXAMPLES 

Flying Bomb. f 

It has been stated that for the consumption of 950 lb. of petrol a “Flying Bomb” 
had a range of 150 miles, an average speed of 360 m.p.h., and a propulsive force of 
6001b. Taking the calorific value of the fuel as 18,500 b.t.tj. per lb., the maximum 
temperature rise in the combustion chamber as 1500° F., the diameter of the discharge 
orifice as 1 ft., the altitude of flight as 2000 ft., and C v for the exhaust gases as 0*25, 
determine: 

(i) the air-fuel ratio; 

(ii) the approximate temperature of the exhaust gases and their velocity relative to 
the bomb. 

(iii) the propulsive efficiency and overall thermal efficiency of the power unit. 

Let w = weight of air supplied per lb. of petrol (lb.). 

18,500 = (w+ 1) x 0-25 x 1500 

w = 48-3, i.e. air-fuel ratio is 48-3:1. 

Let V = Velocity of jet relative to the machine. 

U = Forward velocity of the machine. 

Then, assuming the machine to be flying in quiescent air: 

^ , . Air in lb. per sec. /T7 r7 . , Fuel in lb. per sec. Tr 

Propulsive force = ( V — U) H V (1) 

(7 

1 50 

Duration of flight = x 60 2 = 1500 sec. 

950 

Fuel consumption per sec. = = 0-633 lb. 


Substituting in (1): 


Air consumption per sec, = 48-3 x 0-633 = 30-6 lb. 

360 x 5280 
60 2 

1_ 

32-2 1 


(7 = 
600 = 


= 528f.p.s. 

I [30-6( V — 528) 4- 0-633 F], 


Whence 


Vs 1134f.p.s. 
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n 


Specific volume of the exhaust gases 


xl 2 x 1134 


• = 28-5 cu. ft. per lb. 


(30-6+0-633) 

At an altitude of 2000ft. the barometric pressure is 13-7 lb. per sq. in. abs. Hence 

Temperature of exhaust gases = — 7 X “ S ' 5 — 1053° R. 

53-1 
2 jj 

Propulsive efficiency r/ fl ^ ^q- ^ (see p. 763). 

_ 2 x 528 
“1134 + 528 

If allowance is made for the change in momentum of the fuel: 

600 x 528 


= 0 - 636 . 


= 0 - 64 . 


Propulsive officio, ,cy ,, - 

64 * + 31-233 

r\ ii +i , . 000x528x100 0 

Overall thermal effioccv - (l . 033 --[ 8 ;, IKI x „ 8 - ** %■ 


Jet Plane. 


The following data refer to a jet-propelled aeroplane which develops a propulsive 
horse-power of 1000 when flying at 30,000ft. with a speed of 450ra.p.h.: 


Internal efficiency of turbine, 0*85; efficiency of compressor, 0*85; efficiency of jet- 
tube 0-9 ; inlet pressure and t emperature, 4*35 lb. per sq. in. abs. and 410° R. ; temperature 
of gases leaving combustion chamber, 1700°R., pressure ratio r v , 5; calorific value of 
fuel, 18,500 b.t.u. per lb.; velocity in ducts constant at 600 f.p.s.; for air, C v = 0-24, 
y = 1*394, R — 53-2; for combustion gases, C v = 0*26; for gases during expansion, 


C P = 0*276, y = 1-33. 

Determine (i) overall thermal efficiency of the machine, (ii) rate of air consumption, 
(iii) the power developed by the turbine, (iv) the outlet area of the jet tube, (v) specific 
fuel consumption in lb. per lb. thrust. 


Overall thermal efficiency 7j 0 = 


2 M.S. 

[U 

'l + -M 

^ M.S J 

I- 1 ’ 


~'2gJ c.v. ~ 
V' 1 " + ‘ _ 



(see p. 764) 


( 1 ) 


The various quantities in equation (1) may be evaluated as follows: 


(a) Mixture strength (m.s.). 

c.v. = (m.s. 4* 1 ) x 0-26 x(T 5 — T 4 ) (see p. 761) (2) 

Vc = (sce P- 765 ) (8) 

y.zl 

where T ai = T i r v r and T t ** T x = 410°R. (4) 

, ' 0-394 

To4 = 410(5)i- 394 = 650 o R. 
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ments. As the output of the turbine decreases with altitude the power at low 
altitude is excessive in a machine designed for high altitude, but the improved 
efficiency of the airscrew at low altitude enables it to absorb the extra power 
without difficulty. (An airscrew that can absorb 2000 h.p. at 30,000 ft. can 
readily absorb 3800 u.r. at sea level.) Compared with the reciprocator, the unit 
offers the advantages of increased rate of climb, increased speed, increased range 
and increased cargo-carrying capacity. 


Overall efficiency of the gas -turbine -propeller unit. 

If the ramming effect at inlet to the compressor and the thrust due to the turbine 
exhaust are both neglected, the overall efficiency of the unit may be written as 

Work done by turbine - Work absorbed by the compressor 
Heat supplied in combustion chamber 


The turbine work may be obtained either from the expression on p. 762, or 
from the expression for internal efficiency Thus: 

Actual shaft work , . _ . 

^ 1 Adiabatic heat drop SCC * 


From the T <j> diagram of p. 781 


T 9 -T 4 

Vi ~ m rn ~ 




,^4' 

5T, 


r~ x 

From Fig. 393 T ai = TJ P A 7 = - r» 

\PJ « ^ 


By (2) in (1) 


21 = 2i|l-*<p 


r p y 

f. /n'i’V 




Work absorbed by the compressor per lb. of air compressed 

= C p (T t -T t ) = 

7C 


whence 


21 l + l-*- r - 


v - 1 


Vc 


Heat supplied by combustion per lb. of gas = C p (T 3 — T 2 ). 

3 - T ni ) (l + ^7) Cp(exp.) - — C'p(air) (^«2 _ 2\) 


Vo = 


(21 


- T 4 l+ ^) 


'p (products) 


..(i) 

•(2) 

..(3) 


..(4) 

..( 5 ) 



, Compressor 
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n C p and also the increase in ] 


Neglecting the variation in C p and also the increase in products of combustion 
due to the fuel 


Vo — 


•( 7 ) 




By taking T x = 520° R. (60° F.) and T 3 = 1960° R. (1500° F.) as representing 
practical limits of temperature, this expression may be used to estimate the 
relationship between the variables involved. 

Using these values of temperature and taking r p = 5, the value of r] i can be 
determined for given values of tj q and tj c , whence characteristic curves each 
representing a constant value of i] 0 may be plotted against 7/ i and rj c , as in Fig. 394. 



Fig. 394. Variation of overall efficiency tj 0 with Vi an( l 


Fig. 395 shows the variation in ?/ 0 with T x for r p = 5, rj i = rj c — 0-85, and T z 
constant at 1960°R. A similar curve shows the variation of rj 0 with T$ for T x 
constant at 520° R. Since 7f 0 increases with increase of T s and decrease of T v a 
gas turbine should be efficient at high altitude. 

Fig. 396 shows the effect of variation in the pressure ratio r p on the nett work 
and on ^ 0 . By equation (1) p. 780: 

Shaft work per lb. of gas = 

i 

j rp I- y-1 

/ Compressor work = C p - 1 r p y — 1 





Heat Equivalent of Work b.t.u. 
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The curves of Fig. 396 have been plotted using ' 

V{ = Vc = 0-85, 2; = 520° R., T 3 = 1960°R., y = 1-398, and C,, = 0-2412. 

Noteworthy features of these curves are the large power required by the com- 
pressor and the low overall efficiency notwithstanding the high values of ij t , r/ c , 
and T 8 . 

Fig. 397 shows the effect of turbine inlet temperature and of compression ratio 
on the specific fuel consumption in lb. per H.p.-hr. 



Fig. 397. Effect of compression ratio and turbine inlet temperature on 
the specific fuel consumption. 

The curves indicate that there is little advantage in exceeding a compression 
ratio of about 8:1. In practice the reduced efficiency of the compressor with 
increased compression ratio would make the optimum compression ratio even 
lower. It would also appear from the curves that the simple gas turbine cannot 
compete successfully with other prime movers in the field for cheap power. 


Compounded gas turbine with heat exchangers. 

The performance of a gas turbine unit may be substantially improved by the 
adoption of the following modifications : 

(i) Stage compression and intercooling, which effects a considerable reduction 
in the power required to drive the compressor, and in the temperature after 
compression. 

(ii) Multiple expansion in the turbine with re-heating between stages. 

(iii) Use of the turbine exhaust to pre-heat the air prior to combustion, but 
after delivery by the compressor. 
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The gain in efficiency due to the provision of heat exchangers and intercoolers 
is achieved at the expense of increased weight and increased cost. The elements 
of a plant of this type are shown in Fig. 398. 

The work of compression is a minimum when the interstage pressure — \p\p 2 
(see p. 98) and for this condition the changes of temperature and of entropy are 
equal in each stage. By means of compound expansion and reheating, the reverse 
effect is achieved in the turbine, such that = T b and T 4 = 7\. 



Fig. 39S. Compounded gas turbine with heaters. 


If variation in specific heat, and the increase in weight of the combustion gases 
due to the fuel be both disregarded, and if the heat exchanger be assumed perfect, 
the temperature of the air will be raised, at pressure p 2 , from T 2 to T €) whilst the 
exhaust gas will undergo a similar reduction in temperature. The combustion 
air will be further increased in temperature from 7\ to 7\ in the combustion 
chamber, after which the gas expands in the h.t\ turbine to the intermediate 
pressure before being reheated to T b — T v Expansion in the l.p. turbine 
causes the temperature to fall to T & — T 4 , the exhaust then passing to the heat 
exchanger in which the temperature is reduced from to T 7 = 7\, 

Neglecting radiation losses and changes in kinetic energy, we have: 

Work done in turbine, per lb. of gas == 2C p (T. A — T A ) (see p. 792) 

= 2C pVi (T 3 -T„J (1) 

Work done in compressor, per lb. of gas = 2C p (7 J 2 — T,) 

= 2 (2) 

J >n 


where 


and 

* 



i 
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By (3) and (4) in (5) 

Vo = 1 


1 

VeVi 


*i(» 


zzl 

„ 2y -1 


) 


y_l 

r p 2 y 


/ Tzi 

- 


*) 


_ r- 1 

1 T r r v * y 

VcVi T * 



<P 

Fig. 399. Compounded gas turbine cycle on Tj<fi diagram. 


.( 6 ) 


For the case of a simple gas turbine fitted with a perfect heat exchanger in its 
exhaust system the corresponding expression would be: 


Vo = 


ZifpV 

~T»mVc ' 


•( 7 ) 


A comparison of equations (6) and (7) shows that the efficiencies of the com- 
pound and simple units are equal when the compression ratio of the former is the 
square of the compression ratio of the latter. Compounding is therefore more 
effective with high compression ratios, whereas a heat exchanger is most effective 
for low compression ratios. Fig. 400 shows a comparison of the specific fuel 
consumption for the three types of plant. The heat exchanger becomes ineffective 
when applied to a simple turbine operating with high compression ratio becaule 



787 


J et Propulsion and the Gas Turbine 

of the high discharge temperature from the compressor, these conditions favouring 
the compound machine. 

Effectiveness of heat exchangers. 

Since a temperature difference is necessary to establish a flow of heat, a heat 
exchanger of the tubular type cannot effect a complete transfer of heat, and is 
less efficient than a rotary regenerator of the Ljungstrom type. The performance 
of a heat exchanger is represented by the ratio: 

Heat lost by heating fluid 

Heat which would be lost by heating fluid if cooled to the inlet temp, of the heated fluid 

Temperature drop of heating fluid 

Inlet temperature of heating fluid — Jhlct temperature of heated fluid* 

By assigning various performance values to the heat exchanger of a simple gas 
turbine plant, the specific fuel consumpt ion was computed for various compres- 
sion ratios and the results are shown in Fig. 401 . Increased efficiency of the heat 
exchanger results in decreased specific fuel consumption and decreased com- 
pression ratio. 



Compression Ratio 
Fig. 400. 


Fig. 402 , which is based upon the values of temperature and efficiency used in 
constructing Fig. 306 , shows the variation in tjq and in the net work of a com- 
pound machine fitted with a heat exchanger which is largely responsible for the 
improved efficiency. 

With an infinite number of stages and heat exchangers the increments of heat 
added in the various reheaters are given at approximately constant temperature, 
yhile the increments of heat removed in the intercoolers are removed at approxi- 
mately constant temperature. The cycle thus corresponds to the Ericsson 

! 50 -* 
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Regenerative cycle which gives the same efficiency as the Carnot cycle. The 
full lines in Fig. 403 show the Ericsson cycle, 
i-i 



Compression Ratio 

Fig. 401. Simple turbine with exhaust heat exchanger. Effect of variation of performance 
of exchanger and compression ratio on s.f.c. 
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In preparing the curves, friction losses in the combustion chambers and heat 
exchangers have been disregarded, whereas in practice these losses may be 
considerable. (It has been stated that the heat exchangers of a 2500 h.p. set 
contained 8^ miles of streamlined nickel tubing.) Notwithstanding the additional 
weight and complexity of compounded engines, the Bristol Aeroplane Company 
are developing the “Theseus” engine on these lines, the compressor and pro- 
peller being driven by separate turbines so as to obtain the most suitable 
rotational speed for each. 

It is predicted that at temperatures in excess of 600° 0 . the compounded gas 
turbine will have a higher thermal efficiency than a large steam plant, and that 
at temperatures over 1000° C. the thermal efficiency may exceed 50%. The 
increased capital and maintenance costs of such units may, however, offset the 
saving in fuel cost consequent upon higher thermal efficiency. 


Gas turbine with closed cycle* 

The following advantages are claimed for the use of a closed cycle in which the 
same working fluid is repeatedly used: 

(1) A gas with physical properties superior to those of air may be used. 

(2) External heating permits the use of any fuel, as in the case of hot-air 
engines. 

(3) The system may be charged under pressure, the increased charge weight 
thus permitting of a much higher power output than with a low-pressure open- 
cycle plant of similar size and speed. 

(4) The power output at constant speed may be varied by adding or abstracting 
working fluid, thus altering the charge weight. 

(5) The velocity diagrams are the same over a wide range of speed, since the 
pressure ratios and the temperature drops are independent of the general level 
of pressure. 

(6) The rate of heat transmission is improved. 

(7) The fluid friction loss is reduced because of the higher Reynolds’ number. 

These advantages are off set by the additional complexity of the plant, which 
must comprise an externally fired heater, a gas cooler, and various heat ex- 
changers. Because of the poor conductivity of gases the heating surfaces must be 
considerable and/or the velocity of flow high, both of which requirements result 
in increased fluid friction loss. 

Comparing the plant with a steam plant, the externally fired heater corre- 
sponds to the boiler, the gas cooler to the condenser, and the compressor to the 
feed pump. The efficiency of the gas turbine plant may be higher than of steam 
plant notwithstanding the large power absorbed by the compressor. 
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Ideal cycles. 

Whilst any cycle applicable to hot-air engines may be employed in a hot-air 
turbine, not all such cycles lend themselves equally well to the characteristics of 
this machine. 

Since the thermal efficiency of the Carnot cycle depends upon the ratio of 
adiabatic compression (see p. 68), the cycle is unsuited to the gas turbine 
because of the low efficiency of rotary compressors at high compression ratios. 
If the adiabatic operations of the Carnot cycle be replaced by constant pressure 
operations, the Ericsson cycle is obtained (invented about 1840 by J. Ericsson, 
a Swedish-American engineer). Fig. 403 and Fig. 404 show respectively the pv 
and T(j> diagrams for the cycle. By the provision of regenerative heat exchangers 



the heat rejected between 4 and 1 is stored and is returned to the high-pressure 
air between 2 and 3. Heat interchange between the charge and external agencies 
occurs only during the isothermal operations. 

Heat supplied per lb. of air = BT m&x log e r. 

Heat rejected = BT mln log e r. 

Heat converted into work — i21og e r(T maXt — 7 7 mlIl ). 

Thermal efficiency ^ max.-T W 

•* TttflY 

Although this is the same as the Carnot efficiency, it does not depend upon the 
expansion ratio r. 

As compression in a rotary compressor is not isentropic, much less isothermal, 
the isothermal operations of Fig. 403 may be approached only by stage inter- 
cooling and stage reheating, as shown. Whilst the efficiency increases with the 
number of stages adopted, t he resulting mechanical complication usually limits 
the number of stages to three, and in the majority of plants there are only two. 
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Fig. 405 shows a two-stage plant in which the maximum and minimum pressures 
w$re respectively 343 and 85 lb. per sq. in., giving a pressure ratio of about 4. 
The heat balance is indicated in the figure. 
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Future prospects. 

The thermal efficiency of any heat engine is a function of the temperature 
ratio which it can usefully employ. 

In this respect a turbine is severely handicapped since the maximum tempera- 
ture it can handle is about 700° C., whereas a reciprocating engine can deal with 
momentary temperatures of 2500° C., but can make little use of temperatures 
below 1500° C. 

For high thermal efficiency, therefore, the reciprocator should exhaust to a 
turbine, which in turn could drive a blower for supercharging a simple port 
operated two-stroke engine. 

The power output of the turbine would be well in excess of the requirements of 
the blower, and it is estimated that the brake thermal efficiency of the plant 
would exceed 40 %. 


EXAMPLES 


(1) Air at 101b. per sq. in. abs. and 40° F. enters a centrifugal compressor which 

increases the pressure to 60 lb. per sq. in. abs. with an adiabatic efficiency of 75 %. 
Determine the final temperature of the air. Ans. 486° F. 

(2) An aircraft travels at 500m.p.h. at an altitude at which the pressure is 81b. per 

sq. in. abs. and the temperature is 0°F., the calorific value of the fuel burnt being 
18,500 b.t.tj. per lb. On the assumption that the inlet duct converts the entire kinetic 
energy of the air into pressure energy, and that the adiabatic efficiency of the compressor 
is 80 % when the pressure ratio is 5, calculate the air-fuel ratio if the maximum tem- 
perature must not exceed 1600° F. Take C v as 0*25. Ans. 61-4:1. 

(3) A jet aircraft travelling at 500 m.p.h. utilises 2000 lb. of air per min. The air-fuel 
ratio is 60:1, the compression pressure ratio is 6:1, and the calorific value of the fuel 
is 18,500 b.t.tj. per lb. Neglecting all losses, calculate the thrust, the specific fuel 
consumption, and the propulsive efficiency. 

Ans . 2270 lb.; 0*881 lb. per hr.-lb. thrust; 40 %. 

(4) Show that the gain in kinetic energy per lb. of air passing through a jet engine 
which operates on the Joule cycle is given by 


JC V 




l 


If T x = 520° R. and T 3 = 1500° R., show that the optimum compression ratio is 
6-4:1. 


(5) A jet-propelled aircraft requires 2000h.p. at 400 m.p.h. The fuel consumption is 
0*7 lb. per propulsive h.f. per hr., the calorific value of the fuel is 18,500 b.t.tj. per lb., 
and the temperature rise in the combustion chamber is limited to 1150°F. Taking C P 
for the products of combustion as 0-25, determine the air/fuel ratio, the velocity and 
reaction of the jet, and the propulsive and thermal efficiencies of the power unit. 

Ans. 63-3:1; 2993 f.p.s. relative to machine; 1873 lb.; 0-328 and 0-1963. 
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(6) It has been stated that the Jumo 004 jet propulsion engine develops a static 
thrust of 1980 lb. at sea level (15° C\, 30 in. Hg) with a specific fuel consumption of 
1*4 lb, per hr. -lb. thrust, an air consumption of 43 lb. per see., a compression ratio of 
3:1, a jet speed of approximately I400f.p.s., and delivery temperatures from the 
compressor and from the combustion chamber of about 150° (land 700° C. respectively. 
About 5 % of the air is used for cooling. 

Check the information given: 

Ans . For the static thrust given the air consumption should be about 45 lb. per sec., 
and compressor efficiency is 0-798. Neglecting radiation, the calorific value of the fuel is 
only 7800 c.h.tt. per lb., which is too low and indicates either that combustion is very 
imperfect or that the specific fuel consumption is too high. 

(7) The following data refer to an early Whittle turbine, for which the pv diagram is 
given: 

Turbine efficiency y t , 0-7; compressor efficiency y Ci 0-8; jet efficiency r/ Jt 0*9; pressure 
ratio, 4-4:1 ; inlet pressure and temperature, 14*7 lb. per sq. in abs. and 288° K.; C p for 
air, 0*24 and for products, 0-25: y for compression, 1*4 and for expansion, 1*379; gas 
constant for air, 96-5; calorific value of fuel, 10,500 cui.tj. per lb.; latent boat of fuel, 
75c.h.xj.; air consumption, 261b. per sec.; fuel consumption, 0*3635 lb. per sec.; 
velocity through the combustion chamber, 200 f.p.s.; axial velocity at turbine exhaust, 



Determine the static thrust at sea level, the power to drive the compressor, and the 
condition and velocity of gas at the points 1, 2, 3, 4, 5 and 6 in the cycle. 

Am. 13101b., 3020 h.p. 


State point 

Prossure 
lb. per sq. in. 

Tomporaturo 
° K. 

Specific 
volume 
eu. ft. per lb. 

Velocity 

f.p.s. 

1 

14*7 

288 

13*11 

0 

2 

64*6 

478 

4*56 

200 

3 

64-6 

1053 

10*9 

200 

4 

23*1 

794 

23*1 

2425 

5 

23*1 

844 

24*4 

j 900 

6 

14*7 

759 

34*5 

1600 


(8) B.Sc. (1939). 

An internal combustion turbine works on a cycle in which the air is compressed 
adiabatically from the atmospheric pressure of 14*7 lb. per sq. in. and temperature 
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20° C. to a pressure of 40 lb. per sq. in.; heat is added at constant pressure and the hot 
gas expands adiabatically to atmospheric pressure. If the maximum temperature is 
550° C„ find: 

(а) the heat discharged in the exhaust, per lb. air; 

(б) the ideal efficiency of the cycle. 

Take C P as 0*238 and C v as 0*169. Arts. 77 5 o.h.u.; 24-8 %. 

(9) B.Sc. (1941). 

A gas turbine is supplied with gas at 800° C. and 75 lb. per sq. in. and expands it 
adiabatically to a back pressure of 151b. per sq. in. 

If, owing to internal losses, the efficiency of the turbine relative to frictionless adiabatic 
operation is 80 %, and the mean values of C p and C v for the temperature range 0*249 
and 0*183 respectively, estimate: 

(a) the ii. P. developed per lb. of gas per min.; 

(b) the exhaust gas temperature. Am. 3*15; 501° C. 

B.Sc. (1943). 

( 1 0) The criterion of the thermodynamic efficiency of piston compressors is isothermal 
compression, while that for rotary compressors is adiabatic compression. Discuss the 
reasons for this, pointing out, in the two cases, why practical machines fall short of these 
criteria. 

In a comparison of two rotary compressors, A and B, for raising the pressure of air 
from 15 to 25 lb. per sq. in. it was observed with A that the final absolute temperature 
was 1 *2 times the initial value while with B the increase of pressure took place at constant 
volume. 

Find the values of the adiabat ic efficiencies of A and B under these conditions. Take 
y= l*4. Am. 0*785; 0*2355. 

(11) Centrifvgal supercharger 

Show that in a centrifugal supercharger the pressure ratio of compression 



where rj = adiabatic efficiency of compressor, 

F = blade tip speed, 

8 = slip factor, 

T = suction temperature in degrees absolute. 


A centrifugal supercharger has an adiabatic efficiency of 65 %, an impeller tip 
speed of 1200 ft. per sec. and the slip factor is 0*95. The intake pressure and tem- 
perature are 14 lb. per sq. in. and 10° C. respectively. Calculate the density of the air 
delivered, C P ~ 0*238. If the mechanical losses are 5 % of the work done on the air, 
calculate the horse-power required to drive the supercharger per lb. of air per minute. 

Am. 0*1252; 1*36 h.p. 

(London, 1953.) 


(12) Centrifugal compressor 

Explain why isothermal compression is used as a standard of comparison for 
reciprocating air compressors, while for uncooled rotary compressors adiabatic com- 
pression is usually regarded as the appropriate standard. 
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The following data refer to a test on a centrifugal air compressor: 

Ambient temperature and pressure, tto°F. and 14*6 lb. per sq. in. respectively; mean 
static pressure in the delivery pipe, 32 lb. per sq. in.; mean velocity head in excess of 
static pressure in the delivery pipe, 5*7 lb. per sq. in.; delivery temperature (as measured 
by a thermocouple recording static temperature 4- whole of the temperature equivalent 
of the velocity), 277° F. ; cross-sectional area of delivery pipe, 0-42 sq. ft . 

Working from ambient inlet conditions to total head outlet conditions, calculate the 
adiabatic efficiency of the compressor and estimate the power required to drive the 
machine if its mechanical efficiency is 0*9f>. (('^0-24, r f =0-17.) 

Ana. 0*774: 2412 li.p. 

B.Rc. (1943). 

(13) An oil-gas turbine installation consists of a reaction compressor, a chamber into 
which oil is injected and in which combustion takes place at constant pressure, a set of 
nozzles and an impulse turbine. The air is taken in at 15 lb. per sq. in. and at 27° (\ 
and is compressed to f>0 lb. per sq. in. with an adiabatic efficiency of 85%. Heat is 
added by the combustion to raise the temperature to 572 u C. The combined efficiency 
of the nozzles and impulse turbine is 82 %. The 'calorific value of the oil used is 10,000 
c.H.tr. per lb. 

Find, for an air flow of ISO lb. per min., (a) the air fuel ratio of the turbine gases, 
(b) the final temperature of the exhaust, gases, (c) the net h.p. of the installation, (d) the 
overall thermal efficiency of the installation. 

Up to the point of entry to the nozzles take = 0-238, (7,, = 0*17; after that point 
take Cp — 0*25 1 , ( — 0* 1 9. An». 111-5:1; 374° 0.; 71-7; 10*48%. 


(Durham, 1948.) 

(14) Reheat 

In a gas turbine plant, air at pressure p x and absolute temperature T l is compressed 
adiabatieally to pressure Rp x and then heated to absolute temperature r i\. The air is 
then expanded adiabatieally in a two-stage turbine, reheating to temperature T s 
taking place between the stages. 

The second turbine exhausts at pressure p x and the efficiencies of the compressor and 
both turbine stages, relative to isentropic processes, are //,. and 7], respectively. If rp x 
is the intermediate pressure* between the stages, show that for given values of 7\, 7% 
Pi, rj c) ip and R the work output per lb. of working substance will be a maximum when 
r — y/R. 

If this division in pressure drops is now maintained, show that: 

(a) HR is varied the work output will again become a maximum when R is given 


(6) If all the available heat in the exhaust is transferred to the air immediately after 
compression by means of a heat exchanger, the overall thermal efficiency of the cycle 
is given by 


1 - 


T X R 


y ir y-1 -1 

2y L#2y +lj 


tycftT 3 


It is assumed that the working substance is a perfect gas having a ratio of specific 
heats equal to y and the mass flow throughout the cycle is constant. Pressure losses 
may be neglected. 
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CHAPTER XXITI 


VARIATION IN SPECIFIC HEATS 


Computation of efficiencies of internal combustion engines allowing for 
variation in specific heats. 

The thermal efficiency of an internal combustion engine depends on the cycle of 
operations, the working fluid, and the temperature range; which, among other 
things, is dependent on the specific heat of the working fluid. 

From pp. 39 and 799, it will be seen that the true specific heat of gases is also 
a function of temperature, so that the total heat is given by: 

J K p dT, and the entropy by j' K p . 

Total heat is defined as the sum of the pressure energy and the internal energy 
and = ™ + i.e., so per mol of gas this becomes 

1 - 9857 ' + i.k. = f ' KJT = 1 - 9857 '+ K,dT. .( 1 ) 

J rt J n 


The total heat per lb. of gas is the total heat per mol divided by the molecular 
weight of the gas. 

In internal combustion engines, or gas turbines, we are concerned with a 
mixture of gases A, li, C, etc., and if %v A , %v n , %v c , et c. are the percentages 
by volume of the gases which have volumetric heats K vA , K vW K vU , etc.; then 
the internal energy of the mixture is given by: 


,2 

This Equation may be plotted on a temperature base to give an internal energy 
curve, Fig. 408. The change of entropy of the mixture, at constant volume, is 
given by 

i % v a j* 7 p- dT %_»» f 2 ^-j-etc (3) 

*“‘100 Jt. Am 7 1 + 100 Jr ' 11 T +et ° (3) 


To obtain the total heat, automatically, from the internal energy curve 
(Fig. 408), it is necessary only to incline line OA at 1-9857' to the temperature 
axis, and measure the intercept AB, as suggested by Prof. W. D. Goudie * As 
an example on the application of this diagram to the solution of a practical 
problem, suppose the maximum temperature attained at constant volume or 
constant pressure combustion in an internal combustion engine is required. 

♦ See bibliography. 
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First we must know the initial temperature T lt and the heat released per mol of 
the products of combustion. Set off this heat horizontally from point 1 to 1'*, 
and through 1' erect a vertical to intersect the internal energy curve in point 2, 
whence T t may be scaled o£F. 



Fig. 407. 

Had this heat addition been made at constant pressure, then, to obtain the 
final temperature T' it draw through 1 ' a line parallel to OA to intersect the curve 
in point 2' ; alternatively, for a temperature rise T 2 - T x , the heat which must be 
supplied at constant pressure is given by C2. 

Of course each mixture of gases has its own internal energy curve, but fortu- 
nately the preponderance of nitrogen causes K v to be much the same before 
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combustion as after combustion; so it is usually sufficient to consider only the 
products of combustion. 



Fig. 408 . 


Three or four internal energy curves will also cover the range of mixture strength 
in each type of internal combustion engine or gas turbine. 

Isentropic expansion referred to an energy diagram. 

By a trial and error method the work done during isentropic expansion 2 to 3 
may be obtained from the internal energy curve thus: 

Mechanical work done = - Change in i.e. 

To obtain the change in internal energy we must know temperature T 3 as well 
as T 2 . An approximate value of 1\ may be obtained from the equation 



provided a value is assumed for y, and the expansion ratio r is known. • 
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Refer this value of T z to the internal energy curve, and from the change of 
internal energy compute the mean volumetric heat for the range T 2 to T z , thus: 

Change in i.e. = K vme&ri {T z -T t ), 

mean = -^i-mean "b 1’985. 


Table I 


Gas or 
vapour 

Equation for true specific heat K. p 
in B.T.u./lb. mol ° F. 

Temperature 
rango 
° F. abs. 

O* 


540-5000 

5000-9000 

N, 

„ n 3-47 x 10* 1-16x10* 

A„ = 9'47 - y + y 2 

540-9000 

CO 

K -«,-46- 3 - 29X - ,0 -+ , 07Xl0 * 

/Y , p J ^ T /^2 

540-9000 

H a 

K -r„ 7fi , 0*78 20 

r 1( _.,-76 +- ](Too r+^ 

_ 0-5787 7 20 0*33(T-4000) 

= 5 ' 76+ 1000 V/, 1000 

540-4000 

4000-9000 

h 2 o 

„ 5S, 7 7500 

K p - 19-86 - + y 

540-5400 

CO, 

„ „ 6-53 x 10 s 1-41x10* 

A„=16-2- — y + y?— 

540-6300 

Methane gas 

ch 4 

A, = 4-52 + 0-007377 

540-1500 

Ethylene gas 

c 8 h 4 

A, = 4-23 + 0-011777 

350-1100 

Ethane gas 
CjH fl 

K„ = 4-01 + 0-016367 

400-1 100 

Petrol 

c«ht 18 

K p = 7-92 + 0-06017 

400-1100 

Paraffin 

0 12 W 2 o 

K „ = 8-68 + 0-08897 

400-1100 


Table prepared by K. L. iSweigcrt and M. W. Beardsley, The Georgia School of Techno- 
logy, Atlanta, U.S,A. 


A better value of y for this temperature range is therefore given by 


•^pmean 

jr 

mean 


Using this value of y recalculate T z and repeat the process to obtain a more 
accurate value of the work done. 
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This trial and error process may be good enough for the solution of odd problems, 
but for rapid and accurate solutions it is worth while constructing a temperature 
entropy diagram. 


Entropy diagram. 

If allowance is made for variation of specific heats the plotting of a complete 
entropy diagram as shown on p. 190 involves considerable work, and for the 
solution of most problems connected with internal combustion engines this is not 
merited, a single constant volume curve often being sufficient, since all constant 
volume lines have the same shape. 


From p. ISO, dcj) 


jTj 'v jr- 


2780 

v 


when T is in ° C. 



_ 2780 pf/tf r'y <vr 
~ 7-100 J Vl v + Jr, A " T • 


^ 2-^1 


] -985 log,. 


V, 



(VI 

V qi • 


(4) 


In the ease of rotary machines v t )r x is not known, so it is more convenient to 
work in terms of pressure thus: 


fa 


<!>\ 


1-085 



dT 
T * 


These equations allow an isentro])ic operation to be split into two equivalent 
operations, a constant volume operation in (4), or a constant pressure operation 
in (5), followed by a constant temperature operation given by the first term in 
both expressions. 

During an isen tropic operation = 0- 

= - 1-985 log,.^. 

If, therefore, the isothermal operation is set off from point 1 (Fig. 409), a vertical 
through the end of this line will intersect the constant volume curve at tempera- 
ture 5T 2 . The intersection of the isotherm 'J\ with the constant volume v 2 lino 
gives point 2 which is vertically below 1, as for the direct isentrope. 

Since when the pressure is constant 

+ 1-985 log e r 2 /!Z\, 

the constant pressure curve may be established from the constant volume curve, 
by the addition of the increment 1-985 log € T^T X {T ± being the arbitrary zero of 

temperature). 


51 
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The complete T<f> diagram is shown in Fig, 410, and is applicable to all problems 
in connection with internal combustion engines whether reciprocating or rotary. 




Considerable variation in mixture strength may be allowed lor by plotting 
additional curves, but the labour involved is great. Dr E. W. Geyer has published 
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tables for the construction of these fcharts (see Bibliography), and has given 
examples on their use. 

The application of the chart to the Otto cycle is shown in Fig. 411, and from 
values obtained from the diagram the ideal thermal efficiency is given by 

Work done on expansion — Work done on compression _ ^ H eat r ejected 
Heat from fuel Heat from fuel 



With a compression ratio of 5, and 20 % excess air, the ideal efficiency is found 
to be 0-363 compared with 0-473 for the air standard efficiency. 


Diesel cycle referred to energy entropy diagram. 

The Diesel cycle is shown in Fig. 412, which was constructed by first splitting 
the adiabatic compression into two equivalent operations, consent ™^ne 
heatingl-2', end followed by isothermal compression 2 -2; so that the change m 
rk woo zero 

This gives the temperature T„ end locates point 2 on the constant pressure 
ourre. which is shown dotted, end is drawn parallel to the constant pressure 

reference curve. 


51-2 
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To obtain T a , through 2", on the energy curve, draw a parallel to the total heat 
axis, and from this set off a horizontal distance equal to the heat released by the 
fuel per mol of products; so as to intersect the energy curve in 3'. A horizontal 
through 3' intersects the dotted constant pressure curve in 3, whilst a vertical 



through 3 intersects the constant volume curve in point 4, and thus completes 
the cycle. A horizontal through 4 establishes the corresponding point 4' on the 
energy curve, and enables the heat rejected to be obtained. 

The thermal efficiency is given by 

Heat rejected 
Heat from fuel ’ 

In the case of an engine supplied with 50 % excess air, and having a compression 
ratio of 13‘5 to 1, the thermal efficiency from the energy chart is found to be 
42 % compared with an air standard efficiency of 53 %. 

Calculation of the heat input to the products of combustion. 

Before the energy entropy chart can be applied to obtain the ideal efficiency 
of an actual engine the heat input per mol of cylinder charge must be known. 

In the case of an unscavenged gas engine let o. v. be the higher calorific value, at 
constant volume, per cu. ft. at n.t.p. and v ga be the aspirated volume of gas per 
stroke also referred to n.t.p. 

The heat input per stroke = v ga x c.v. 

Heat input per mol — \y e jgj 1 t 0 f a i r +g aS 4. reg j[ ( iual8inlb. perstroke ^ 

where M p is the equivalent molecular weight of the products. 
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From equation 4, p. 598, charge volume 


v a + v„= V 


(,-^y 

! ! I Ps'J'J 

r- 1 
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•( 2 ) 


when referred to n.t.p. the charge volume becomes 

, , , p, 273 

Xy"- 


.(3) 


If M m is the equivalent molecular weight of the mixture, then the weight of the 
mixture per stroke 


= Px x — 73 71/ 

358 14-7 T„ m ’ 

Weight of residuals = ^ x ™ x 


By (4) and (5) total weight of mixture + residuals 

( V »± V j\P! x 273 i/ Tl + -1 

\ 358 ) 14-7 X T S "1 T cVs (v n + v g ) M J * 

But — = m.s. the mixture strength. v e — clearance volume. 


Also 


By 7 and 8 


V a +V a = (M.S. + 1 ) Vg, 

Pft v g _ 14 ’ 7 
m 273 cs ' 


K + M V* » 273 


\ 358 ) 


14-7 X 71 Mm 


( 358 j V ‘ 


gs^m' 


v c ~ — 'T* 
c r— 1 


Also 

So from (2) and (10) 

T s p e v„M v = T s p f V _ M v 

•■ejfs^a ■ 


+ T e p>-r)if„ 


1 + 


l 


r-l J 


if. 


_ (P&r -l) 

■w. / 

By (9) and (11) in (6) 

. Total weight = ( 358 J v gg M, 




pX 

vX 


r-l 


•(4) 

•(5) 

.( 6 ) 

•(?) 

•(8) 


( 9 ) 

(10) 


.( 11 ) 


.( 12 ) 
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806 
By (12) in (1) 

Heat input per mol = 


c.v. per cu. ft. 


/M.S. + 1 \M m r MJM. ''' 

\ 358 ) M p ' i 

Pel's 


.(13) 


For an average gas engine operating at full power on town gas c.v. = 500 b.t.u. 
per cu. ft. r = 5, T e ^ 850° K., T 8 =£= 373° K. p s p e and with m.s. = 4. 




1*06. 


Scavenged engine. 

With perfect scavenging v r = 0 and (13) reduces to 


c.v. 


/M.S. + l'j 


\ 358 J 

M p 


It should be observed that m.s. refers to the mixture inside the cylinder and not 
that obtained by metering the gas and air. 

The most reliable method of estimating the m.s. is to take a sample of the post 
combustion gases before the exhaust valve opens, although even this sample is 
contaminated with residuals. 


Heat input per mol of products in a petrol engine. 

Imagine the petrol completely vaporised so that the charge behaves as a 
perfect gas. 

tlT . .. , , . Volume of vaporised fuel referred to n.t.p. _ ^ 

Weight of fuel per stroke = M f lb., 

oOo 


where M f is the molecular weight of the fuel. 

•xttt » i j t* » ^ , Volume of air aspirated referred to n.t.p. „ 

Weight of air per stroke = M a \b. y 


where M a is the equivalent molecular weight of the air. 


m.s. by weight 


Vol. of air at n.t.p. M a 
Vol. of fuel at n.t.p. X M f 

M n 


= m.s. by Vol. 


M/ 


Since the charge was regarded as gaseous this value may be inserted in equation 
(13) given above. 
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Heat input per mol of combustion gases for unscavengod engine 
c.v. of fuel per lb. M f 


(M.s.bywt.A + l)^ 


1 + 


pA 


To obtain the heat input per lb. of products divide this value by M p • 
With perfect scavenging the heat input per mol 

c.v. of fuel per lb. M f 


|m.s. by wt.-gj+l) 
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Charge weight and heat input per mol in an unscavenged oil engine. 

Heat input per mol of post-combustion gases 

Weight of fuel injected per stroko x c.v. ^ 

Weight of air + residuals + fuel p ‘ 

From equation (2) (p. 804) charge volume of air referred to n.t.p. 


__A.x? 7 ?F 

“14-7* T„ 


i + L jsd 

r— 1 

P, 273 V 


Weight of air (w a ) per stroke = x 

j),. 273 v, 


r — 


pX; 

pX 


L r-l i 


Weight of residuals = i<\ = ~ 7 x y x ggg-^u 

vXJfrMr-1) 


W’r 

W„ 


pXeM 


“ L px\ 


M a 

m: 


MV&S-lT 
(plPeT, J 

Total weight of products = Air + Residuals + Fuel 

W = w a +w r + w f = + + lj. 


By (1) in (2) W = w f 


1+ M.S. 1 + 


M v \ r pX hi 


•(1) 


( 2 ) 

( 3 ) 
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Let c.v. be the calorific value of the fuel measured at constant pressure, then 
heat input per mol of post-combustion products 


c.v. x M„ 


M a („PX 


1+M.S. . . . 

I "4 

■Mp l 

With perfect scavenging equation (4) reduces to 


1 +- 


1 


c.v. iff 

i + M.S." 



•(4) 


Gas turbine cycle referred to energy entropy diagram. 

With turbines it is the pressure ratio in the compressor which is known, not 
the volume ratio, so use is made of equation 5, p. 800, for obtaining T % from the 
entropy diagram by taking <fi 2 — <p 1 zero during isentropic compression. 

Through point 2 a curve is drawn parallel to the constant pressure reference 
curve, and through 2" a line parallel to the total heat axis. From this line set off 
the heat added by the fuel to locate point 3' on the energy curve. Extend the 
horizontal through 3' to cut the <}> p curve in point 3. 



Drop a vertical through 3 to 4 to represent isentropic expansion. An isotherm 
through 4 then locates point 4' on the energy curve, and enables the heat rejected 
to be obtained from this curve. 

The thermal efficiency is given by the equation 

— l _ rejected 
^ Heat from fuel’ 
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It will be found that this value does not differ materially from the value ob- 
tained on the assumption of constant specific heat , but the increase of specific 
heat allows more fuel to be burnt for the attainment of the same maximum 
temperature. This in turn results in more power being developed than is predicted 
by expressions which disregard variation in specific heat. 


Ex. on Joule Cycle. 

From 500° R. to 2000° R. the specific heat equations given in Table I, p. 709, may be 
represented approximately by the linear relationships: 

K„ = 6-5+^for 0 2 ; 6-5+-^ for N 2 ; 7+~ for H 2 0 and 8 + .^ for C0 2 . 

Using these values obtain the ideal efficiency of a Joule cycle in which the pressure 
ratio is 5 to 1, the temperature limits 500 to 2000 R. 

The analysis of the fuel oil may be taken as 86 % C, 1 *4- % H 2 and its calorific value 
18,500 b.t.tj. per lb. 

Compare the efficiency and net work done per lb. of air with the air standard values. 


By volume air contains 79 % of N 2 and 21 % of 0 2 , so from p. 32 the volumetric heat 
of air is given by 

i '- ra ( M+ ia) rt!l r + i«)' 


rT T 2 

H — K p dT = 6-5T+ h { (U ~3350. 

J cm 

w 


T K v dT 
ooo T 


^-= 6 - 51 o g ,- r ^ 1 + f „ 1 47 ( I '- 500 ). 


•d) 

•( 2 ) 


It is unnecessary to plot these curves since the temperature at the end of compression 

0 4 

may be estimated from the equation T 2 ^ 500(5)14 = 793 °R. A better value may be 
obtained by trial and error from the equation for isentropic expansion, see p. 800. 

1-985 log, 5 = 65 log, ( T - 500). 


The equation is almost satisfied with T = 783. 

( 783 \ 

^ 5 2494 ) 783 — 3350 = 1985b.t.u. per mol. 

To obtain K v of the products we must know the air /fuel ratio, and this may be estimated 
as follows: 

Heat released by the combustion of xlb. of fuel per mol of air 

Jf2 T2000 


[■ 


6-5T + K77T. 


2494J 783 
9270 


9270 b.t.u. 


x = _ 0-501. 

* 18,500 
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Equivalent molecular weight of air = 28-97, 

..... 28-97 „ 

.. air fuel ratio — ------ = 58. 

0-501 

The products of combustion from 1 lb. of fuel and 581b. of air are: 



lb. 

lb./M. 

% volume 

CO, 

3-15 

0-0716 

3-50 

H,0 

1*26 

0-0700 

3*42 

0 , 

9-92 

0-3100 

15-13 

N, 

44-66 

1-5944 

78-00 


58-99 

2-0460 

100-05 


The specific heat of the post combustion products is given by: 

T 


K 9 = 0-035 


( 8+ 3 T7) +0 ' 0342 ( 7 + 6b) + 01613 ( 6 ' 5 + I») 


+ 0-78 0-5 + 


H = 6-5684T + ; 


rp 2 


( , 


1333/ 


6-5684 + 


T 

1*333' 


2666' 




.(3) 

.(4) 


To check the accuracy of the estimated heat release we have heat absorbed by 

2000 

6-56847 7 + jr = 9320, which agrees well with the previous 

2 bboJ 783 

figure where air was assumed to be the working fluid. 

To estimate the temperature at the end of isentropic expansion the average K v for 

9320 

2000-783 7 ’ b6b * 


the temperature range in the combustion chamber = 

7-666 


7 = 

TV 

The exact value of T 4 is given by 


5-681 


- 1-35. 


"TTSs = 1320° R. 

51*35 


— 1-985 log,, 5 = 6-568410^^+^(^-2000). 


0-4351 


T t y T a 

1000 x 8-77 ° ge 1000’ 


The equation is almost satisfied when T a = 1328° R. which may be cheoked by the 
same method as it was estimated. 

Total work .done on expansion cycle per mol of air supplied 


59 

58 


t 


T2000 


6 - 6684T+ 2666j 


= 5350 B.T.TT. 


1328 


Total work done in compression per mol of air = 1985 b.t.u. 
.*. Net work = 3365 B.T.tr. 
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Alternatively net work done = Heat supplied by fuel + heat from atmosphere -Heat 
rejected to atmosphere. Per mol of air supplied this becomes: 

|| x 9320 + 3350 - 1| x 1 328 ^6-5684 + Jjjjjj J = 3370 b.t.U. 

QOetA 

Thermal efficiency = — — 0-355. 

x 9320 

y~l J 

The a.s.e. = 1 - g- 1 ) >' ' . i _ 5 = 0-369. 

Work done per mol of air supplied = 9320 x 5 - x 0-369 = 3500 b.t.tt. 

oS 

This problem could have been solved more easily by the method given on p.798, since 
the equations are more tractable. 


EXAMPLES 

Explosion vessel. (B.Sc. 1941) 

(1) An explosion vessel is charged with a mixture of CO and air in the chemically 
correct proportions for combustion, the pressure and temperature being 50 lb. per sq. in. 
and 100° C. 

The mean molecular specific heat K v of C0 2 and of diatomic gases between 100° C. 
and t° C. are as follows: 


t° c. 

1500 

2000 

2500 

3000 

3500 

K v for (J0 2 

10-08 

10-5 

10-83 

110 

111 

K v for di atomics 

5-5 

5-75 

fvO 

6-3 

6-66 


The calorific value of CO is 68,300 c.ii.u. per lb. molecule. Estimate, from an internal 
energy temperature curve, the maximum temperature which should be reached after 
combustion is completed, and deduce the corresponding maximum pressure. 

Why would you expect the values of temperature and pressure actually recorded to 
be lower than your results? Ans. 3060° C.; 380 lb. per sq. in. 

Diesel Engine. (B.Sc. 1942) 

(2) In a Diesel engine combustion is assumed to begin at the inner dead centre, and 
to be at constant pressure. The air/fuel ratio is 28:1, the calorific value of the fuel is 
10,000 c.h.u. per lb., and the specific heat of the products of combustion is given by 

C v = 0*17 + 4*5 x 10~ 5 T°K. 

If the compression ratio is 14:1, and the temperature at the end of compression 
800° K., find at what percentage of the stroke combustion is completed. Ans. 10*92. 


Adiabatic expansion 

(3) Show that if C P = a p +/3T and C v = a v +/tT the adiabatic expansion of the gas 
is represented by p a w a peP T = <7. 
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Ideal efficiency of gas engine. 

(4) A gas engine having a compression ratio of 5 to 1 is supplied with gas of calorific 
value 500 b.t.u. per cu. ft. at n.t.p., the air /gas ratio being 8: 1 and the condition at 
the end of the suction stroke 100° C. and 14-7 lb. per sq. in. 

The adiabatic index of compression = 1-38. Contraction on combustion 3 %; true 
K v of the products of combustion 5*25 + 0*0012 1° C. 

Obtain the maximum temperature and pressure, the work done per cu. ft. of charge, 
the ideal efficiency, and the a.s.e. 

Ans . 2095° C.; 453 lb. per sq. in.; 16,870 ft. lb.; 0*39; 0*475. 


Jet Engine. 

A jet engine is to produce a thrust of 750 lb. to maintain a speed of 500m.p.h. at 
50,000 ft. altitude where the pressure is 1*677 lb. per sq. in. and the temperature 
216*5° K. 

After auto- compression in the intake the compressor quadruples the entry pressure 

T 

of the air, for which K v may be taken as 6*61 5 + -- (where T is in °K.) ; fuel of calorific 

780 

value 10,600 o.h.tj. per lb. produces a maximum temperature of 700° C. 

Neglecting all losses, and taking the axial velocity through the compressor and 
turbine as 200f.p.s. calculate: the pressure at entry to the compressor, the air/fuel 
ratio, the exit velocity, temperature and area of the jet, the mass flow of air per second, 
the power developed by the turbine, the power developed by the engine and the specific 
fuel consumption in lb. per hr. per lb. thrust. 

Ans. 2*39 lb. persq.in.; 64:1; 2444 f.p.s.; 354° C.; l*415sq.ft.; 13*79 lb.; 983; 1000; 
1*032. 
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APPENDIX 


B.Sc. 1945. Volume of air receiver. 


A single-acting air compressor is connected to a receiver which feeds a pipe- 
line. The compressor, which runs at 300 r.p.m., has a stroke volume of 2-5 cu. ft. 
and takes in its charge at 131b, per sq. in. and 80° F., compression following 
pv 1 ' 2 = constant. 

Assuming that the piston has simple harmonic motion and that the tempera- 
ture in the receiver remains constant at 70° F., while the mass of air per sec. 
passing from the receiver to the pipe-line is constant, find the necessary volume 
of receiver, if the pressure is to be kept within the limits of 78 and 82 lb. per sq. in. 
Neglect the clearance volume of the compressor. 

Let V be the volume of the receiver and Hj be the weight of air contained in it 
at the commencement of the delivery stroke and W 2 at the end, then 


78 x 144 x V = Mi .ft 530. (1) 

82 x 144 x V = W t R x 530. (2) 

/. WJW t ~ 78/82. (3) 


Wt-W t = excess of delivery into the receiver over the discharge from it. 

13 x 144 x 2*5 

Delivery into receiver per stroke = - — lb. 


„ , , „ . 13 x 144 x 2*5 x 300 

Rate of discharge from receiver = — ^^"549 x 99 ' " SeC ‘ 

To obtain the time of the delivery stroke let r be the crank radius, and a> be 
its angular velocity; then the fraction of the stroke occupied by delivery 

j 

1— cos 6^ r 2 /13\i2 
2n x 300 

“ - -1 sr = m - 

whence t = 0-0314 sec. 

Weight accumulated in the receiver during delivery stroke 

^’^[>-5x0-03.4] (4) 

By (3) in (4) W 2 <1 - 78/82, = (5) 


By (5) in (2) V = 


13 x 144 x 2-5 x 0-843 x R x 53 0 x 82 
R x54(Tx 82 x 144 _ x~4 


Volume of receiver = 6-72 cu. ft. 
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Charging the starting air bottle of a Diesel Engine. 

The capacity of the starting air bottle of a Diesel engine was 22 cu. ft. and to 
permit of internal inspection the air was blown to waste. Determine the number 
of air cylinders, each containing 150 cu. ft. of free air, if charged to 1600 lb. per 
sq. in. gauge that are required to recharge the bottle to 1000 lb. per sq. in. gauge. 
Take the temperature in the bottle the same as in the air cylinders and atmospheric 
pressure as 16 lb. per sq. in. 

Let pj VjT be the state of the air in the cylinders, p 2 v 2 T be the state in the bottle, 
prior to coupling the cylinder, and p 3 be the common pressure after coupling. 


p x v x = w 1 RT. (1) 

p 2 v 2 = w 2 RT. (2) 

After coupling P 3 { v i + v z) = { w \ + w t) RT. . (3) 

By (1) and (2) in (3) = W 


When the second bottle is coupled up p 2 is replaced by p 3 and p 3 by p 4 giving 




By (4) in (6) 


v x + v 2 v 1 + v 2 

„ _ PiVi , PiViV* . PA 

Jr A .. . 


.( 5 ) 


v x + v 2 (« x + t; 2 ) 2 (v 1 + v 2 f‘ 

In general after the application of n bottles 


Pi v i 

Pn+2 = 


Ratio of 


'N — l\th term _ v 2 
~N — 2/th term ~ v t + v 2 


= Constant, 


so, with the exception of the last term, the series is in geometrical progression, 
and on summation gives 


Whence 




To obtain v x 


Appendix 

150 X 15 = lSOOr, 


»i = 1-5 and v 2 — 22. 


815 


n = 


j /1 500-1 000\ 

° g \~ 1500-15 7 

n = 16*5, i.e. 17 bottles and at the normal price of 4$. 6 d, the total cost of 
recharging is £3. 16$. 0d. 


B.Sc. 1945. Variable specific heats. 

Derive the formula T b v a ~ b e sT = constant for the adiabatic expansion of a gas, 
if C p = a + ST and C v = &•+ 8 T where a, b and 8 are constants and T is in 0 F. abs. 

Find the work done if a quantity of gas weighing 2 lb. and originally occupying 
2 cu. ft. at 600 lb. per sq. in. expands adiabatically until its temperature is 
500° F., given that a « 0-227, b = 0-157 and 8 = 0-000025. 

For an adiabatic operation 

o = Pp! + (b + ST)dT. (1) 


jn\ = RT. 


Differentiating (2) with respect to v„ 


By (2) and (3) in (1) 



Multiply through by R = (C p — C„) J = ( a — b)J giving 

» Mr)S + ( 4+ W- o- 

a^+b^+i{pdv, + v,dp)- o. 

V t p K 

pdv 3 + v t dp = d{pv t ). 


( 2 ) 

(3) 

(4) 


But 
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Making this substitution and integrating 

s 

a log c v s + b log e p + -- pv„ + G = 0. 

S 

log : e v b K = --gpV'-G. 

pb v a _ e }: r ' r ‘ c _ Af:r ST' 

,\ p b v%e ST = Constant. 
iiT 7 

To eliminate p write p = . 

v a 

tRT\ h 

y v j v# e ST = Constant. 

T ,b vJ" 6 e 5:r = Constant. 

Work done on adiabatic expansion — - — The change in internal energy. 



+ ST)dT. 


Initial temperature T 


Work done = 



■pv 600 x 144 x 2 
'Hi = 2(0^6)778 


0-1572' + 


0- 000025 T 2 ~ 
2 _ 


= 1587. 


1587 

1)00 


= 236-7 b.t.u. 


Mixing of gases. 

One cu. ft. of air at atmospheric pressure and 278° C. is mixed with 4 cu. ft. 
of air at the same pressure but 27° C., the total volume remaining unaltered. 

Neglecting losses show that the resulting temperature is 58° C., and that the 
pressure increases by about 0-3 %. 

K v = 4-5 + 0-001 T°C. M = 28-85. 


Since K v refers to 1 mol of air the actual volumes must be expressed as fraction 
of a mol thus: 

1 x 273 

Volume of high temperature air reduced to n.t.p. = — ----- = 0-496 cu. ft. and 

4x273 

for the low temperature air — - - - - - = 3-64 cu. ft. 

oUU 

On mixing the total heat of the air remains unchanged. Initial total heat ' 


0-496 C 651 


358 


l 


3 64 r 300 


(6-485 + 0-001 T) dT + oro 

o oo8 

0-496 + 3-64 1** 


s: 


(6-485 + 0-001 T) dT. 


i.ra ri 

Final total heat = J (6-485 + 0-001 T) dT. 


358 
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Integrating and equating the energies gives 

T 2 + 12,970 J 1 — 4,395,000 = 0. 
This equation is almost satisfied by T — 331, i.e. 58° C. 

The pressure is given by p — 
Percentage increase in pressure = 


817 


fe-t »-> M x 331 <“*■ 


w x E x 551 

1 


100 . 


w 2 _ 4 x 551 
u\ - 300 


= f"(l + — P X ] - ]"] 100. 

L\ 5 551 J 

Percentage increase = 0-3. 


B.Sc. 1943. Closed vessel experiment. 

A mixture of II 2 and 0 2 in the proportions by weight 1:24 was placed in a 
closed vessel fitted with an observation window. 

The mixture was ignited and afterwards allowed to cool very slowly, and it was 
observed that the first sign of condensation occurred first after the temperature 
passed below r 141° C. 

Calculate the total pressure in the vessel at temperatures of 141, 100 and 
75° C. 

Find what proportion of H 2 0 is in liquid form at 75° C. 

E for H 2 = 1300 ft. lb. per lb. per ° C. 

Foi the proportions given the reaction equation will bo 

2H 2 + 30 2 = 2H 2 0-f 20 2 . (1) 

4 90 30 64 


From p. 26 


Partial pressure 

Total pressure = % v^Tof gas/lOO' ’ 


Partial pressure of steam at 141° C. = 54 lb. per sq. in. and the percentage by 
volume may be obtained from the coefficients on the r.h.s. of equation (I) as 50%. 
Hence if steam obeys the gas laws the 

54x100 

Total pressure at 141 lb. per sq. in. — — 1081b. per sq. in. 


To allow for the actual properties of the steam the proportions of steam to 
0 2 by weight are 9:16. 


WHS 


52 
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Volume displaced by 9 lb. of dry saturated steam at 141° C. = 9 x 7*922 cu. ft., 
and this volume is shared by the oxygen, the partial pressure of which may be 
computed from pv = wRT. 

2 x 1390 
32 


■n i.* i c r\ 16x2x1390x414 

Partial pressure of 0 2 = 32^9^7* 922 x 144 = 56 1 b ' per sq< in> 

Partial pressure of steam = 54*0 

Total pressure = 110*1 


56* 1 x 373 

Partial pressure of 0 2 at 100° C. = - — — - — = 50*5 

Partial pressure of steam at 100° C. = 14*7 

Total pressure = 65*2 lb. per sq. in. 


Partial pressure of 0 2 at 75° = ' = 47*1 

Partial pressure of steam at 75° = 5*6 

Total pressure = 52*7 lb. per sq. in. 


Specific volume of stoam at 75° is 66*12 cu. ft., and since this must be contained 
in the space originally occupied by steam of specific volume 7*922 cu. ft. per lb. 
• 7*922 

the dryness fraction at 76° C. = — = 0*1198. 

Hence the weight of liquid per lb. of mixture = 0*8802. 

As a check regard the steam as a perfect gas. Initially p x v x = w x RT x . After 
condensation p 2 v \ = w 2 RT 2 . 

Proportion of steam condensed = — — — 

w x 


p 2 1 \ _ 6*6 x 414 

~PJ 2 ~ ~ 64x348 


0*8765. 


Ex. in partial pressures.* 

Show that the constant R per lb. of gas in the law pv = RT is inversely proportional 
to the molecular weight, and that in a mixture of two gases 

Pi _ w x M 2 
p w 2 M 1 + w 1 M 2 9 

where and M 2 are the molecular weights of each constituent, w l and tr 2 their weights, 
p x is the partial pressure and p 2 the total pressure. 

In distilling oil steam is blown in and the outlet from the still runs 10 % water and 
90 % oil by weight, the process being carried out at atmospheric pressure. If the boiling 


* Examples in Heat and Heat Engines . Peel. Cambridge University Press. 
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Point of the oil is 270° C. at normal atmospheric pressure and is lowered uniformly 
3-8 C. for each lb. per sq. m. fall in pressure show that distillation occurs at 238° C., 
assuming the vapours behave as perfect gases. M for oil = 212 and for steam 18. 
Total pressure = p 1 +p 2 = p. 

wR x T 

* Pa — _ Pi v __ w x 

" P P 1 +P 2 v-h R 1 T w 2 R/P ~ w\ lt, 

V V 


But 


R = 


2780 

M~' 


. Pi = __ w l jM l _ w x M 2 

P w 1 /M 1 +w t IM i w 1 J^/ 2 +w !! 3/ 1 , 


J>_ i_ 

14-7 


0-9x18 

0-9x18 + 0- lx 21 2 


= 0-433, 


.'. Pi — 6-366. 

Fall in pressure = 14-7 — 6-366 = 8-334. 

Distillation temperature = (270 — 8-334 x 3-8) = 238° 0. 


Partial pressures and diffusion.’" 

A mixture of gases contains w 1 lb. of a gas having constant 7?,, w 2 lb. of gas 
having a gas constant Jt, and so on. Assuming Dalton’s Law, show that R for 
the mixture is 

v'i + tr t R ) + . . . 

W 1 +V ’ 2 + ... 

A rigid closed vessel of 1 cu. ft. capacity contains, separated from each other by 
a thin partition, 0-21 cu. ft. of oxygen, and 0-79 cu. ft. of nitrogen, each gas 
being at 14-7 lb. per sq. in. and 15° C. The partition is removed without escape 
of gas, and inter-diffusion of gases takes place. Show that if no heat is supplied 
to or withdrawn from the gases, when diffusion is complete the pressure and 
temperature of the gases will be the same as those of the gases before mixing. 

Find the gain in <]>. y = 1*4. 

By Dalton’s Law p = Pi+Pi+Pz (1) 

wRT 

In general P — ~~~ — • \ z > 

T and v are common to all the gases in the mixture, hence by (2) in ( 1 ) 

wli — Wj R\ + M’j + UJg J? 3 . (3) 

* Examples in Heat and Heat Engines. Peel. Cambridge University Press. 


52‘2 
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W = tt> 1 + U>2 + M>3 ... 


But 


• ft _ U>lRl + V>t It * + w * S t 

Wi + Wa+^a ' 

Before mixing p x (0-21t)) = w 1 R 1 T 1 and p 1 (0-79u) = w 2 R 2 T x . Adding these 
values together 

p x v - {w l R 1 +w i R i )T x . (5) 

By (4) for the mixture 

pv = (w x + w 2 ) V- T. (6) 

e V 1 2 K + ^a) 


Partial pressure of 0 2 after mixing = 0-21 p x 
Partial pressure of N 2 after mixing = 0-79p x 

Total pressure = (0-21 + 0-79)^ = p l 

and this is the same as the initial pressure of the individual gases before 
mixing. 

Substituting this value in (6), and comparing with (5) it will be seen that 
T t = T. 

It V 

Change in $ — -= log c -+C V log e TJT V where the subscript (1) refers to the 

JV-y 

initial condition, and (2) to the condition after mixing. 


Change in $ for 0 2 = 

Change in <j> for N 2 = ^-^log^-. 


273 0-21 
Wl ~ 288 X 358 


R,= 


2780 

~32~’ 


Total ohmg. in ,S . 108,^ + 0-79 log,^] 



273 

0-79 

~ 288 X 

358 X 


2780 


28 


log e 

0 . 21 + 0-79 log, 


00027. 


Lond. B.Sc. 1942. 

The percentage analysis by volume of the gas supplied to a gas engine was: 
CH 4 19*5, C 8 H„ 1-6, CO 18 0, H 2 44-4, 0 a 0-4, N a 13-1, CO a 3 and the dry exhaust 
gas analysis was CO a 9-4, O a 6-0, N a 84-5. 

Estimate the air/gas ratio by volume on the basis of (a) the N a balance, and 
(6) the O a balance, and find tfie percentage of excess air supplied. 
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Combustion of 100 cu.ft. 


Consti- 

tuent 

%by 

vol. 

Combustion eqt. 

0 S 

Vol. of prod. 

N, 

reqtl. 

h 2 o 

eo 2 

ch 4 

19-5 

CH 4 + 20 2 = C() 2 + 211jO 

39 



19-5 


c 3 h 8 

1-6 

2C 3 H 6 + 9(> 2 = 6CO a + 0H 2 O 

7-2 

— 

4-8 


CO 

18-0 

2CO + 0 2 = 2C0 2 

9-0 

— 

18-0 


H a 

44-4 

2H 2 + O a = 2H 2 0 

22-2 




— 

o a 

0-4 


— 

! 




N. 

13-1 


— 

1 - | 

— 

13-1 

co s 

30 


— 

! 

i j 

3-0 

— 


1000 77-4 45-3 

0-4 

0 2 riqd. = 774) 


79 

N 2 associated with air supply = - x 77 —290 

2 L 

N 2 in gas = 13-1 

Total N a in exhaust — 303* 1 


N 2 -fC0 2 in minimum product == 348-4 = v mp . 
348-4 x 6-0 


_ V X . () 2 


21 - 0 * ( 21 - 0 - 0 ) 


Minimum air = 77 x- 


100 


1393 


306-6 


21 . 


Total air supplied = 505-9 


Air/gas ratio = 5-059 to 1. 


On the N 2 basis. 


¥ ViUlliV wi jlSI i> 

% N 2 in exhaust gas = r 


Volume of N 2 in exhaust 
Volume minimum products v M * 


Volume of N 2 = N a in combustible gas + N 2 in minimum air + N 2 in excess air. 


%N 2 = ( 


'N 2 in gas + 0-79 x mi nim um a ir + 0-79 v ea 


v mp V ea 


X 100 


^^ a -0-79lw,, a = N 2 in gas + 0-79 
100 _| 


_%Ng , , j _ m i n gas + 0-79 minimum air+0-79*> ea . 

|Q0 V TUP 6 0 

o/ N 

minimum air — 

(N, in gas + 0-79 x minimum air) x 100 - % N 2 v mp 
Vea ~ 1 (%N 2 — 79) 

30310- 84-5 x 348-4 _ 870 
= 84-5 — 79 5-5 

= 158 cu. ft. 

Air gas ratio = 5-22 to 1. 
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N 2 in air supply — 0-79 x 505-9 

= 399-4 


N a in gas supply 

= 13-1 

% 

Total N 2 

= 412-5 

84-8 

0 2 in excess air 0*21 x 139-3 

= 29-3 

6-0 

C0 2 in exhaust gas 

= 45-3 

9-3 


487-1 

100-1 


Calculation on CO a basis. 


%co 2 = ^ 


C0 2 in product 


*>ea = 


Minimum product + Excess air 
CO 2 in product x 100 


- x 100. 


% 00 


2 


— minimum product 


ss 45.3xl00_34 8 . 4=I34 . 2 

9-4 


Air to gas ratio = 5-0 to 1. 

The value computed on N 2 will be the least reliable as denominator involves a 
fairly small difference. 


Ex. Show that for a fuel rich in carbon a linear relation exists between the C0 2 content 

and the 0 a content of the flue gas. 

mi . n/ C0 2 ingas 

Ihe maximum % C0 2 = — 2 — see p. 510. 

^mv 

Actual % C0 2 = C0 2 in gas 
v mj> + v ca 


For a fuel rich in oarbon the C0 2 maximum replaces the 0 2 in the air, therefore, 
) mv is equal to the minimum air whence 


Mr 


By (2) in (1) 


maximum % C0 2 __ actual air 
actual % C0 2 minimum air* 


But % 0 2 = 


Vea 

Vmv + V ea 


maximum % C0 2 
actual % C0 2 


. v _ V mj> % ^2 
* sa 21 — % 0 2 ' 

i . % O2 

1 + 21 — ~% 0 2 " 


( 1 ) 

( 2 ) 


Actual % C0 2 = 


% C0 2 maximum 
21 


(21 — % 0 2 ). 


This relation is useful for checking the gas analysis from a fuel rich in carbon. 
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B.Sc. 1942. Calorific values of benzene. 

Explain carefully why the calorific value of a fuel measured in a constant 
volume bomb calorimeter may differ from the calorific value realised on burning 
the fuel at constant pressure, the initial and final temperatures being the same 
in both cases. 

The combustion of 1 lb. -molecule of liquid benzene at constant volume and 
18° C. is represented by the equation: 


C 6 H 6 (Uq.) + 7-5 0 2 = 6 (X ) 2 + 3H a O(liq.) + 780,000 c.h.u. 


The latent heats of benzene and steam at constant pressure and 1 8° C. are 
8138 and 10,500 c.H.U. per lb. -mol respectively. 

Determine the heat of combustion of benzene at 1 8° C. under the following 
conditions: 


(i) 

(ii) 

(iii) 

(iv) 


C 6 H 6 (vap.) + 7-50 2 = 6 CO a + 3H/)(liq.) 1 
C 0 H 6 (vap.) + 7*50 2 = 6 C() a + 3H a O(vap.) J 
C 6 H 6 (liq.) + 7-50 2 = 6C0 2 + 3H a 0(liq.) 1 
C 6 H 6 (vap.) + 7-50 a = 6<J0 2 + 31i 2 0(vap.)j 


at constant volume, 
at constant pressure. 


See p. 539. 

Latent heat of steam per lb. mol = 10,500 

1 4.7 v 144 201 

Pressure energy at 1 8° C. = — - — — - x — ^ x 358 = 

Internal latent heat == 

Latent heat of benzene — 

Pressure energy at 1 8° C. — 

Internal latent heat = 

Case 1 . 

Calorific value = 780,000 + 7560 = 787,560. 

Case 2 . 

Here the calorific value is reduced by the presence of 3 mols of steam 
= 78,756-3 x 9922 = 757,794 c.h.u. 

Case 3. 

At constant pressure the change in volume = 6 — 7-5 = — 1 -5. Hence from p. 539 
780,000 = - 1-5 x 1-985(273 + 18) + C.V. at C p . 
c.v. at constant pressure = 780,867. 


578 

9922 

8138 

578 

7560 
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Change in volume — 9 — 8-5 = 0-5 

o.v. at constant pressure = o.v. at constant volume — 1 •9851/2’ 

= 757,794-1-985 x 0-5 x 291 
= 757,505. 


B.Sc. 1942. Charge temperature in aero-engine. 

An aero engine of compression ratio 7:1 operates at an induction pipe pressure 
of 17-2 lb. per sq. in. and at an exhaust back pressure of 9-3 lb. per sq. in. The 
charge temperature, after picking up heat from the induction system but before 
mixing with the exhaust residuals, is 87° C., and the exhaust temperature is 
850° C. Assuming the inlet valve to remain open during the mixing of fresh 
charge and residuals, and scavenge to be negligible, show that the mixture 
temperature at the beginning of compression is about 111° C., and estimate the 
ratio of the mass of residuals to fresh charge. Take the ratio of the specific heat 
(k p ) of residuals to that of fresh charge as 1-2, and assume B to be the same for 
both gases. 


From p. 598 


r 17-2(850 + 273) 2080' 

v 

Charge volume = V + v c -~ r -* 


To obtain T s equate the heat lost by the residuals to the heat gained by the charge 

w r C Px (L123-T„) = w c C pc (T a — 300) (3) 


W 


By (!)> (2) and (4) in (3) 

Ps /•) /, i o< 


RT. 2080 


+,<1123 -T.) - + 


By (6) in (5) T„(l 1 23 - T t ) = -- ^7 - (T s - 360). 

This equation is satisfied by T s — (111 + 273). Taking the density of the 
residuals the same as of the fresh charge the mass ratio is given by 


9-3v 0 x 383 
17-2 x 1123 

T . 9-3 383 
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B.Sc. 1942. Supercharging a petrol engine. 

In what circumstances is it justifiable to assume the indicated horsepower of 
a petrol engine to be proportional to its air consumption? 

An unsupercharged engine develops a gross i.m.e.p. of 145 lb. per sq. in. when 
running on a mixture strength 20 % richer than chemically correct, the pumping 
i.m.e.p. being 5 lb. per sq. in. The charge pressure and temperature at the 
beginning of compression are estimated to be 13-7 lb. per sq. in. and 100° C. 
respectively, and the mean pressure during the induction stroke is 1 3 lb. per sq. in. 

When supercharged by a blower of adiabatic efficiency 70 %, the charge after 
delivery by the blower has its temperature raised 50° C. during its entry to the 
cylinders, and suffers a pressure drop of 1 lb. per sq. in., the charge pressure in 
the cylinders being maintained at 20*7 lb. per sq. in. during the induction stroke. 

Estimate the percentage increase in tlie net i.m.e.p. due to supercharging. 
Neglect the effect of residuals, assume atmospheric conditions of 14*7 lb. per sq. 
in. and 15° C., and take y = 1-40. 

When the mixture is rich, since then all the air should be burnt. 


Charge weight unsupercharged = . 

m 2 

a 

Charge weight supercharged = J* “• 

a i o 

The ratio of the charge weights will ho the ratio of the gross i.m.e.p ’ a. 


2 0-7x_373 
13-72* * 


To obtain T!>, the temperature on 
estimated from 


Va = 0-7 = 


delivery from the supercharger must be 





T z j 2<ss - 1 


/. T, = 336*5 and Tl z = 336*5 + 50 = 386*5. 

20*7 373 

Ratio of ^ x - 386 -- * 1-458. 

Gross i.m.b.p. supercharged = 1-458x145 = 211-4, and from this must be 
subtracted the pumping i.m.e.p. which is 5 lb. per sq. in. for the unsupercharged 
and -(20-7-14-7) for the supercharged. Nothing is said about the method of 
driving the supercharger so this cannot be allowed for. 

Net i.m.e.p. supercharged = 211-4 + 6 = 217-4 
Net i.m.e.p. unsupercharged = 145 — 5 = 1 40-0 

Increase in i.m.e.p. — ^7-4 

77-4x 100 _ ' 

Percentage increase = — .... - - = 



826 Appendix 

To show that supercharging improves the mechanical efficiency of the engine 


For normally aspirated engines ij n = 
For supercharged engines rj s = 




(B.H.P.), 


(B.H.P.) g + (F.H.P.) 4 


K.H.P. _ 1 — 9/ 
B.H.P. 7 ) 


The friction of film lubricated bearings is independent of the load on them, 
hence f.h.p. will be the same for both engines whence 


Vs = 


1 

/!-■ )? , A (B.H .P.)/ 

\ Vn /(B-H-P-), 


With 7i n = 0-75 and (b.h.p.) s = 1-5(b.h.p.)„, t] s = 0-818. 

Actually this would not be realised owing to the heavier piston friction in a 
supercharged engine. 


Charts of refrigerants.* 

The Institution of Mechanical Engineers now publishes charts in which the 
various properties of refrigerants are plotted to pressure and total heat co- 



ordinates. This plot has the advantage of simplifying the cycle, and as a further 
simplification the total heat at 0° C. is taken as 100 o.H.tr., and the corresponding 
value of <j> unity. The example from p. 304 is referred to the new chart in Fig. 41 4. 
* See also example “Charging a refrigerator ”, p. 849. 
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Total heat at a 

= 143-7 


Total heat at e 

= 99*8 


Heat extracted per lb. of C0 2 

= 43*9 


Circulation of fluid 

716 

“ 43*9 " 

= 16*3 lb. per min, 

Heat added to refrigerant per lb. as 



the result of work done on it 

_ 194*3 

1 1 ,QQ 


“ 16*3 

— 1 1’uO 


H n 

= 143*7 


H c 

= 155*63 


He 

- 99*8 

Heat rejected per lb. of C0 2 


= 55*83 

16*3 

Heat rejected per sec. = 55*83 x -g-J- 


b 

« 

pH 

ih 

i— < 

11 


Triple expansion marine engine. 

Patterns are available for a marine engine having cylinders 23-38-65 x 42 in. 
stroke. 

Tt is estimated that 1 600 i.ii.p. will have to be developed by this engine when 
revolving at 62 r.p.m., and when supplied with steam at 220 lb. per sq. in. gauge. 

Overall diagram factor with zero back pressure on l.p. 0*552; reduction in 
this factor due to bleeding 6 %. 

Determine the back pressure in each cylinder and the power developed by each. 


Overall ratio of expansion. 

Equations (1) and (2) (p. 258) are sufficient to determine the overall expansion 


ratio R thus: 


v tt x 65 2 x 42 x 2 x 62 
I.H.P. = 1600 = (M.K.P.)o 4 x 1 2x~33 JM)0 

.\ (m.e.p.)o = 30-7 lb. per sq. in. 

l+log„#\ 


36-7 = 0-562 x 0-94x235 
B= 11 - 45 . 


|* 1 +lo g f 


H.P. cut off. 


p / 65\ 2 

rar.-(s) r *'- 11 - 48 - 


D Volume of l, 

— Cut-off volume of 

Expansion ratio of h.p. = r U . F . = 1-437. 
1 
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Back pressure and power developed by the H.P. 

A diagram factor of 0-788 is general for the h.p. cylinder of an engine of this 
type 

. , . . nx 23 2 x 42 x 2 x 62 

wsSoocr 

(m.e.p.),, P = 0-183(i.ii.p.) hp 
0-183(i.ii.p.)h,p = [235 x 0-7 ^l + log c ^j-p 2 J 0-788. 

p 2 = 223-1 - 0-2322(i.h.p.) hp . (1) 

A further equation connecting the power developed by the h.p. and the back 
pressure p 2 ma y be obtained from a consideration of the power developed by the 
combined i.p. and l.p. cylinders, thus 

m.e.p. of i.p. and l.p. referred to the l.p. 

is given by 

1 „ AA . , . 7rx C5 2 x 42 x 2x 62 

1600-(i.h.p.) hp =* (m.e.p.) — - — — — . 

v ,HP - v ' 4x12x33,000 

1600— (i.H.P.)nj. = 43-58 (m.k.p.). (2) 

m.e.p. = Diagram factor ( 1 + log e r 2 ) . (3) 

The diagram factor may be taken as 0-57 when p b is regarded as zero, and with 

( Qty\ 2 1 

I — — - = 5-62. 

OoJ \)'DJi 

By (1) in (3) 

m.e.p. _ 0-67^{223-l-0-2322(i.H.P.) flP }(-±^|^JJ. 

Substituting this value in equation (2). 

1600- (i.h.p.) hj . = 43-58 x 0-57(223- 1 - 0-2322(l.H.P.) aP .} 0-0485. * 

.*. (i.h.p.) hp . = 603. 

Substituting this value in equation (1) gives 

p 2 = 83-1 lb. per sq. in. abs. 

Back pressure and power developed by I.P. 

/ \ , „ „ . n x 38 2 x 42 x 2 x 62 

(i.H.P.)j j> = (M.E.P. ) IP X - . 

v n ' ' nx - 4x12x33,000 
(I.H.P.Jjj., = 14-92(m.E.P.)i J> . 


( 4 ) 
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Taking the i.p. cut-off as 052, diagram factor 0-64 and back pressure p 9 

(m.e.P.) L p.= 064^83- 1 x 0-52^1 +log eo -i-j-p 3 J (5) 

By (4) in (5), 0-1047(i.h.p.) jp = 7I-5-p s . (6) 


A further equation connecting the power developed by the i.p., and the back 
pressure p 3 may be obtained from a consideration of the power developed by 
the l.p., thus: 

L.p. horse power = 1(500 — 603 — (i.H.P. ), P — 907 - (lh.p.),. p .. 


7 r x 05 2 x 42 x 2 x 02 
997 — i (l.H.P. )u . - (M.K.F.U— 4 - ,3^33,500—- 


997 - (t.H.P.), p .= 4J*58(m.E.P.) lp .. 


•(7) 


For simplicity regard p b as zero then the appropriate diagram factor for the 
l.p. = 0-614 with cut-off 0-55. 

(m.e.p.)i.. p . = 0-614 J ~/> 3 x 0-55 1 1 + log,~)] = 0-54p 3 (8) 

By (0) in (8), (m.e.p.),, p . = 0-54[71-5-0-1047(i.h.p.) 1p .]. (9) 

By (9) in (7), 

997 — (l.n.P.) JP = 43-58 x0-54[71-5-0-1047(i.h.p.) 1p ] 

(i.ii.p.)ip. = 468. 

Substituting this value in (0) gives p 3 = 22-5 lb. per sq. in. abs. 

Power developed by l.p. = 997 — 468 = 529. 

To secure a better balance of power the i.p. cut-off should be made earlier. 

This, however, creates difficulties if the conventional Stephenson Valve Clear 
is to be used. A better solution is to reduce the size of the h.p. cylinder and to 
increase the h.p. cut-off, which would thus ensure a higher pressure in the i.p. 
receiver. 

Re-working the problem with an h.p. bore of 21^ in. and cut-off 0-8, the powers 
become h.p. 532, i.p. 495, l.p. 573. 

The excess power of the l.p. is desirable, since this cylinder usually drives 
the pumps. 


Reheated reciprocating marine engine. 

A triple expansion marine engine having cylinder sizes 23-5, 38, 65 x45 m, 
stroke was fitted with a reheater on the h.p. exhaust as shown m Fig. 415. 

The following results were obtained during a trial: 

Boiler pressure 230 lb. per sq. in. abs., temperature 750° F. 

Steam pressure at stop valve, 227 lb. per sq. in., temperature, 635° F. 
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Steam pressure in h.p. chest, 222 lb. per sq. in., temperature, 620° F. 

Steam pressure in m.p. chest, 72 lb. per sq. in., temperature, 560° F. 

Steam pressure in l.p. chest, 21 lb. per sq. in., temperature, 338° F. 

Steam pressure in l.p. exhaust, 2 lb. per sq. in. 

Horse power developed by each cylinder, ii.p. 550, i.r. GOO, l.p. 650. 

Steam consumption for main engines and bleeding 18,000 lb. per hr., pressure 
drop through reheater 51b. per sq. in., bleed 1400 lb. per hr., dryness fraction of 
l.p. exhaust 0-97. 

Show the steam cycle on a //<•/> chart, and obtain the efficiency ratio of each 
cylinder. 

Heat equivalent of work done in the h.p. cylinder per lb. of steam flowing 

550 x 33,000 x GO „„ 0 
= = 77-8 B.T.TT. 

778x 18,000 , 


Adiabatic heat drop fot h.p. = 106 b.t.tt. 

77*8 

Efficiency ratio = — - = 0 - 734 . 

cd = 77-8 b.t.tt., and the vertical projection of de represents the radiation loss. 

Heat given up by the h.p. steam in the reheater between pointsa and b = 60B.T.T7. 
and, neglecting radiation, this is available for reheating the h.p. exhaust. 

18,000 x 60 = 16,600 x Heat gained per lb. 

Heat gained per lb. of steam = 65 b.t.tt. 

This heat is set up vertically from point c to locate point /on the appropriate 

pressure line. „ 

Heat equivalent of work done in the i.p. cylinder per lb. of steam flowing 

_ 600 x 33,0 00 x 60 _ 

= ' "778 x 16,600 

Adiabatic heat drop for i.p. = 120 b.t.tt. 

02-2 


Efficiency ratio = 


= 0 - 768 . 


fg is set off to represent 92-2, and point h located from the test date. 
Heat equivalent of work done in l.p. cylinder per lb. of steam flowing 

650 


_ x 92-2 = 99-8. 

600 

Adiabatic heat drop for l.p. = 163 

_ 

Efficiency ratio of l.p. "" 163 


= 0-6X2. 
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Regenerative feed heating employed on a triple expansion marine engine . 

In 1910 D. B. Morison suggested the use of the exhaust steam from the 
auxiliary engines, and the leak-off from the evaporator for increasing the tem- 
perature of the feed with a corresponding increase in the thermal efficiency of the 
plant. 

A later development was to tap steam off from h.p. exhaust to effect a further 
increase in feed temperature. 

To cope with occasions when there is an excess or deficiency of auxiliary 
exhaust steam, over the requirements of the feed heater, the auxiliary exhaust 
is run to the l.p. cylinder steam chest as shown in Fig. 417. 

The alternative arrangements of heater are: 

(1) A direct contact heater arranged in series with a surface feed heater which 
receives steam from the h.p. exhaust. 


Martin and Anorew or 



Fig. 417. Regenerative feed heating on triple expansion engine. Most usual 
arrangement with surface heaters. 

To enable the hot feed to be pumped from the direct contact heater to the 
surface heater it is necessary to place the direct contact heater at a considerable 
elevation above the feed pump. 

(2) Two surface heaters arranged in series as shown in Fig. 417. 

To avoid throwing thermal potential to waste the drain from the secondary 
heater 1 should be cascaded to the primary heater 2, but an alternative route. 
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direct to the hot well, should be provided to deal with the contingency of defect ive 
heater tubes. 

In the case of regenerative heating employed on a steam turbine, see p. 477 , 
it is possible to adjust the position of the tapping points to secure the maximum 
thermal efficiency, but with a reciprocating steam engine these points are 
located on the steam chests. This restriction limits the improvement in thermal 
efficiency and also causes dissimilarity in the size of the heaters. 

For the arrangement shown in Fig. 417 the equations corresponding to those 


given on p. 480 are: 

v \ + a n\ (1) 

w 1 h x + w 2 h 2 4 - w, h, =* wh. ( 2 ) 

— h\) =» u'(h x — h 2 ). (3) 

w 2 (II 2 -h 2 ) w(h 2 -h). (4) 


In equation (4) vli as well as w 2 is unknown, so eliminate it by equations ( 1 ) and 
( 2 ) giving 


w 2 


ich 2 — [?/», Zq + w 2 h 2 -f (w — u\ — w 2 ) h, J 
H 2 h 2 


( 5 ) 


Ideal thermal efficiency of two stage plant. 

Work done per unit time 

= w(H - II \) 4 - (w - w t ) (H 1 - II 2 ) 4- (w - ?/*, - w 2 ) (IT 2 - // 3 ). 

The heat terms within the brackets are the actual heat drops per cylinder. 
Alternatively the work done may be regarded as : Heat supplied to engine — Heat 
to feed heaters — Heat to condenser. 


Thermal efficiency = 


n\ 


IT - w 1 H\ - w 2 H 2 - (tv -~u\-~w 2 )Il, 


w(ll — h x ) 

In the case of a single heater on the i.p. exhaust 

w(h 2 — h,) 


...(G) 


w 9 


~n 2 -h z • 


_ wll - tfj^II 2 ~~ (w-W 2 ) II, 

^ ~~ w(H-h 2 ) 


...( 7 ) 

...( 8 ) 


To show that the thermal efficiency of a regenerative engine is always greater 
than that of an engine operating on the straight Rankine cycle, regardless of the 
position of the tapping point, take w as 1 lb., and from equation (7), express h 2 
as w 2 II 2 4 - ( 1 — w 2 ) h,. 


WHE 


53 
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Substituting this value in equation (8) 

H — — ( 1 — w„)H , 


Or 


H ~ ^ 8 ~ w 2 (H 2 — // 3 ) 
Vt H-h 3 -w 2 (H 2 -h z ) * 


Efficiency of straight Rankine 

//-#, 


H-II a -wJHo-H s ) H-H a 

v ‘~ v <* " ~ h~T z - 

We must show that this difference is greater than zero. 
Let H — II 3 = x, II — h 3 = y, 

w 2 (H 2 -H 3 ) = a, w 2 (H 2 — h 3 ) — 6, 


then 


a -a # 

Vi~Vt K = r — to he >°- 

"J* y — f } y 

tobe>0 . 

2 /( 2 / - 6 ) 


— a?/ + fe 


to be > 0. 


y(y—b) 

To satisfy this condition — ay must be > 0, and y — b positive and finite. 

bx>ay and y>b. 


Or w 2 (H 2 - h 3 ) (II - H z ) > w z (H z -H z )(H- h 3 ). 

This condition is satisfied for values of H 2 < H, and y is always greater than b, 
so that bleeding always improves the thermal efficiency of an engine, especially 
when the tapping point is towards the end of the expansion. 


Ex. Regenerative triple* 

A triple expansion marine engine was supplied with steam at 200 lb. per sq. in. abs. 
and 0*97 dry; back pressure on h.p. piston 78 ; on i.p. 20 and on l.p. 3*5 lb. per sq. in. abs. 
The efficiency ratios of the cylinders wore found to be: h.p. 0*8, i.p. 0*76, l.p. 0*56. Steam 
for feed heating was bled from the i.p. and L.r. steam chests, and the heater drains could 
be led directly to the hot well. Estimate the correct amount of steam to be bled at each 
tapping point per lb. of steam supplied to the engine, the percentage reduction in the 
power developed, and the percentage increase in thermal efficiency. For what reasons 
is the actual efficiency likely to be higher than the estimated? 



Without regeneration. 
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Vr 

A.TT.D. 

7J r A.H.T), 

H.P. cylindor 

0-8 

74 

59 * 1 

* 1 ■ p ’ 

0-76 

94 

71-4 

L.P. „ 

0-50 

104 

58-2 


Vt s 


188-7 

1175-ifr. 


Total work = 188-7 b.t.u./II). 

1 7-8 u/ 

J * ° /0* 



Fig. 418. Regenerative feed heating. 


First heater. 

h x at 78 lb. per sq. in. 280-1 at 78 lb. per sq. in. 

h 2 at 20 lb. per sq. in. 190-1 h x at 78 lb. per sq. in. 

h x -h 2 84-0 

84 

nq per lb. of steam supplied to the engine = ^ == 0-1 lb. 


1117 

280 

837 


Second heater. 

196 — [28+196^2+ (1—0-1 —te 2 ) 115] 

m, 2 = 1042-190 ’ 

v , 2 = 0-0696 lb. 

Steam flow through i.p. = 0-9 lb. and through l.p. =0-8304 lb. 


53 -* 
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On the assumption that bleeding does not affect the pressures or efficiency ratios. 




7J r A.H.D. 

8 team flow 

Net work 

H.P. 

cylinder 

50-1 

1-0 

5 9-1 

I.P. 

»» 

71-4 

0-9 

64-2 

L.P. 

99 

58-2 

0-8304 

48-3 




Total work 

= 171-6 B.T.u./lb. 


Percentage reduction in power = 


/188-7 — 171 -6\ 
\ 188-7 ) 


100 = 9 - 08 . 


_ 17l-6_xl00 
Vr ~~ 1175 -r- 280 


19 18 . 


Percentage increase = — = 7-76. 

17-8 

Suitably placed tapping points can act as steam dryers so that cylinder condensation 
may be reduced, smaller steam flow will involve smaller friction losses and the drains 
could be cascaded. 


Ex. on Combination system. (Bauer-Wach type). 

A triple expansion marine engine is supplied with steam at 200 lb. per sq. in. abs. 
and 0*97 dry, back pressure on h.p. piston 78, on i.p. 20 and on l.p. 3-5 lb. per 
sq. in. abs. 

The efficiency ratios of the cylinders were found to be h.p. 0-8: i.p. 0-76, l.p. 0-56, 
when calculated on the i.h.p. basis. 

Determine the specific steam consumption and the overall efficiency ratio of the 
engine. 

By the addition of an exhaust turbine which had an efficiency ratio of 0*62 the back 
pressures were found to be h.p. 78; i.p. 24; l.p. 7-5 and the turbine 0-65 lb. per sq. in. abs., 
and the efficiency ratios h.p. 0-8, t.f. 0-77 and l.p. 0-65. 

Estimate the percentage saving in steam consumption of the combination based on 
the steam consumption of the unmodified engine. 

Fig. 420 shows the problem referred to an H(j) from which the following results were 
obtained: 



Vr 

A.H.D. 

7f r A.H.D. 

h.p. cylinder 

0-80 

74 

59*1 

ip. 

0-76 

94 

71-4 

L.P • 

0*56 

104 

58-2 


Total work = 188-7 B.T.tr./lb. 
Straight Rankine drop = 268. 

Overall efficiency ratio = 0*704. 



For the combination set: 
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Vr 

H.P. 

08 

I.P. 

077 

L.P. 

0-05 

Turbine 

0-1)2 


A.ii.n. 

Vf A.H.D, 

74 

f>Ol 

81-5 

62-7 

760 

40-4 

i:i3-o 

82-5 



Fig. 419. Combination dotted, triple full lines. 


Specific steam consumption of the unmodified engine 
33,000 x 60 2546 

- 7sn»i u - 5 ,,r ' »" l,r - 

w54(i 

Specific steam consumption of the combination = ^ = 10-03. 

r, , . / 13-5 — 10-03 \ 

.Percentage saving = I - 

\ lO’t) 


100 = 


25-7. 


Ex. on Compressor. (Gotavcrken type). 

A triple expansion engine was supplied with steam at 180 lb. per sq. in. abs.; 0-96 dry; 
back pressure on h.p. piston 74; on i.p. 23-5; and on l.p. 2-4 lb. per sq. in. abs. 

The efficiency ratios of the cylinders were found to be: el.p. 0-81 ; i.p. 0-79; l.p. 0-54, 
when calculated on the i.h.p. basis. 

Determine the specific steam consumption of tbc engine and the overall efficiency 

ratio. 

A similar engine took steam at the same initial condition and was fitted with a 
turbo- compressor which took the l.p. exhaust, whilst the compressor took the h.p. 
exhaust. 






838 Appendix 

A dryer removed 90 % of the moisture from the steam before it entered the compressor 
which had an adiabatic efficiency of 56 %. 

By making use of the previous data, together with the tabulated values, determine 
the specific steam consumption of the combination, and the percentage saving of steam 
based on the unmodified engine. 


Cylinder 

Pressures lb. per sq. in. abs. 

•Efficiency 

Forward 

Back 

ratio rj r 

H.P. 

180 

64 

0*81 

i.p. 

— 

24 

0*82 

B.P. 

24 

4*3 

0*74 

Turbine 

4*3 

0*57 

0*75 


The following results were obtained from the H<j> chart for the reciprocator alone: 


Cylinder 

Vr 

H.P. 

0*81 

I.P. 

0*79 

n.p. 

0*64 


Specific steam consumption = 


A.H.D. 

A.H.D. 7} r 

69 

65*9 

81 

63*9 

133 

71*8 


Total work = 191*6 b.t.u. /lb. 

13*2 lb. 


2546 

191-6 


When the compressor is in use the a.h.d. of the h. p. cylinder is 91 b.t.u., and the 
reheated dryness fraction at the end of expansion 0*907. 

Let w lb. of water be separated from each pound of n.F. exhaust steam, then as the 
separator can remove 90 % of the water in the steam 


u ') 

6*907 


= 0*9. 


w = 0*0837 lb. 


Dryness fraction of steam entering the compressor = 


0*907 
1— 0*0837 


0*99. 


This condition can be applied to the H<f> chart on the 54 lb. per sq. in. line. 

Before the condition of the steam at the compressor discharge can be obtained the 
energy input to the compressor must be known. 

To obtain this the condition of the steam, at entry to the turbine, and the weight of 
steam passing through the turbine per lb. of steam received by the h.p. cylinder must 
be known. 

These values cannot be obtained directly, but as a tentative value we may consider 
that the dryer on the turbine produces a dryness fraction of 0*99, and because of the 
superheat in the i.p. cylinder possibly about 0*06 lb. of water will be removed by the 
dryer compared with 0*0837 lb. from the compressor dryer. 

Per lb. of steam supplied to the h.p. oylinder (1 —0*0837) (1 —0*06) — 0*861 lb. will 
flow through the turbine in which the a.h.d. = 122 b.t.u. 



Appendix 839 

Work done in compression per lb. of steam supplied to the n.v. cylinder 
= 122 x 0-861 x 0*75 = 78*0 

But only 0 9163 lb. of steam are compressed, hence the equivalent work done on 1 lb. 

„ 78-6 

of steam = b.t.tj. 

0*9163 

This heat is set up vertically from point 3 on the H<f> chart to locate the constant total 
heat line A 4. 



The final pressure after compression is determined by the adiabatic efficiency of the 
compressor thus: The adiabatic work — 0*56 x 86 = 48* 1 , and this energy is set off 
vertically from point 3 to give a compression pressure of 941b. per sq. in. abs. The 
intersection of this constant pressure line with the total heat line A 4 gives the super- 
heated condition of the steam entering the i.p. cylinder. 

From point 4 the expansion may be continued for the i.p. and l.p. cylinders. 

It should be observed that the i.p. expansion lino is mainly in the superheated field, 
and this is largely responsible for the improvement in the efficiency ratio. 

Because of this some engine builders resort to reheating the steam by boiler steam 
rather than fitting a compressor. 

To obtain a more exact solution let w be the weight of water separated from each 
pound of l.p. exhaust steam of dryness 0 944 then 


w 

r^O-944 : 


0*9. 


w = 0*0504. 


Dryness fraction of steam entering the turbine — 


J)*944 
1 -0 0504 


0*995. 
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Using this dryness the problem could be reworked from point 3 onwards. 
Summary of results for combination: 


Cylinder 

Vr 

A.5.D. 

Weight W 
of steam 

7] r X A.H.D. X W. 

H.P. 

0-81 

91 

1-0 

73-7 

I.p. 

0-82 

112 

1 

0-9163 

84*3 

L.P. 

0-74 

117 

0-9163 

L___ 

79-4 


Total work per lb. of steam supplied = 237-4 B/r.u. 


2546 

Specific steam consumption = 237^ ~ 10-7211). h.p. per hr. 

( 227-4— lQ|.fi\ 

— 237-4 ) 100 = 19-3 %. 

It should be observed that the I.P. power is increased, but the force or the i.p. must not 
exceed that on the h.p., as Classification Societies base the diameter of the crankshaft 
on the force on the h.p. 


Irreversible expansion of a saturated vapour. 

Show that the continuous irreversible expansion of a saturated vapour in a 
turbine having a constant stage efficiency is given by 

+ T = Constant. 

and the reheat factor by 


m-n) 

r , T\~r\ 

(Ty-T,) 

V 

L tj 1 

-vj 

(1-9/) 

m-r,)! 


\-ToJog c T 1 /T 2 


Let the temperature fall by dT and the increase in <j> due to unconverted heat 


be d<j). 

Work done = y)d r T(<t> — <j> u ). (1) 

Reheat = (1 — tj) dT(<f> — <f> w ) = — Td<f>. (2) 


The negative sign is affixed since dT is negative in itself. 

(i 


By (2) 


d<p 

dT 


dj> 

dT 


,<i> = (i-n). 

T T 


+ (1 


Or 
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This differential equation is of the form ^ + Py — Q, the solution of which is 



Fig. 421. 


The w^ork done for an elementary drop dT in temperature T 

— dw — — 




"It 7J- r; 

V \ T\ V ( l ~V)V 

„ (*i L i T \~ v \ W -?i)? 
W ~ Tl + l-ri) l-n 


(T lZ T,)\ 

i-v r 
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When rj = l this expression should give the adiabatic work. To determine the 

T l~v (T —T)w 

value of the indeterminate exjn-essions (T% — — LJ_ VJ. 

when 7) = 1 let 1 — rj = a, 

then L M = !M 

atofra) 

f( a ) _ trpi-a l irp rp\(^~ a ) 

= Ti-T*(, |)°-(T 1 -T 2 )(l-a) 


a 


To differentiate (Tj/Tg)® with respect to a, let 
(l\IT,r = e“‘°g.r,/r, whence = c « .o^/r, loge | = (p)°log 

$Ta) - -n^flotuTtK+M-T,). 

Writing a = 0 this reduces to - T n _ log,. TJT 2 + T l -T, i and If becomes 
(71 - T.) (l + - T 2 log, 71/71. 

This is the a.h.d., hence the reheat factor 

( n - n )\ 


(71-71)7 
T\ 


1-1 


1 — 7 


(71-71)(l+-^-711og,71/21 * 

Ex. Blade stress. 

Obtain an expression for the maximum stress in turbine blading due to centrifugal 
action, and show what effect this has in limiting the power output that can be obtained 
from a turbine running at a given speed. 

Let the cross-sectional area of the blade be a, and the stress at radius r be/; then for 
equilibrium of an elementary block of density p 

poj 2 


df=-^rdr. 

9 


f=A- 


when r = r 2 , / = 0. A = 


p(o 2 r 2 

w 


f = ~~ {rl—r\) — — - (mean radius) length of blade. 
*g g 


p(o & 
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Power developed by a turbine using steam of densit y p, 

__ Vo X X A.H.T). X J 

550 • 

Annular area for flow A = 2n mean radius x blade length 

= >l'9 

pa>* * 

Substituting this value in the expression for power it will be seen that the power de- 
veloped is proportional to the allowable stress in the blade. 


B.Sc. 1943. Durham. 

One expansion of a reaction turbine running at 3000 r.p.m. has a rotor 25 in. 
diameter. The steam consumption is 50.000 lb. per hr., and the velocity ratio is 
to be 0*71. If the average specific volume of the steam is to be 20*3 cu. ft., and 
the cumulative heat is 31 b.t.u. per lb., calculate the blade height and the number 
of stages required using normal blades with a discharge angle of 20 \ 

For a given drum diameter the blade height is controlled by the mass flow 
AVp which is constant. 


1I7 n(D + h) ft V a 56,000.. 

H 12 12 20-3 GO 2 

(J) 

Axial velocity V a = 1’ sin 20° — - sin 20°. 

(2) 

_ n(D + h) 3000 
^=12 X "G0~* 

(3) 


By (2) and (3) in (1), 

r 7 r{l) + h)~X l h 3000 sin 20° _ 50,000 

[_' 12 J 12 X GO xT)-71 20-3 “ GO 2 "* 


JJ=- 25 in. (25 + ft) 2 = 2300. 

Whence blade height ft - 2-95 in. 


Heat drop utilised per pair = 


9 


W/2V, 

Jg U 


COS oc 



__ TTX J» 3000 = 3B5 . 8 
° - 12 60 


3G5-8 2 

Heat drop utilised = 


.( 2 - cos 20° - 1 I = 8-85 B.T.U. 
32-2\0-71 / 


31 

Number of pairs = — 


3-5. 
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This computation does not allow for friction which may be considered as 
destroying the carry-over, hence heat drop per pair 


V\ 365- 8 2 

Jg 0-71 2 x 778 x 322 


10-59. 


Number of pairs 


_31 

10-59 


= 3. 


Calculation of capacity and pressure change in a steam storage accu- 
mulator. 

Let the total weight of water in the accumulator, at any instant, be IF lb., 
h be the sensible heat, and L the latent heat at that instant. Then, if the accumu- 
lator is regenerating, the heat required to evaporate d W lb. of water will be LdW , 
and the fall in temperature will be dT\ so that 

LdW = +sWdT 


where s is the specific heat of the water. Separating the variables 

dW _ * ulT 
W ~ + L 


( 1 ) 


L in terms of T is given very nearly by the equation 

1 = 610-22 — 0-71 2(T — 273) c.H.u. 
dL = -0-712dT. 


By (2) in (1), 


( w ‘dW 

J ir, W ~ 

, 

0ge Wy 

Wi 


5 CLdL 
0-712 Jx, L ‘ 

. / Ln\ 0-712 

log ‘fe) 

(LMni 

W * 


( 2 ) 


(3) 


From this equation, if W v W 2 and L x are known, L t can be estimated on the 
assumption that s = 1. Having obtained the approximate value of L 2 , s may be 
calculated from the steam tables for this range, and L„ recalculated. Knowing L 2 
the final pressure p 2 may be obtained by reference to steam tables. 

Ex. 1 . A steam accumulator contains hot water at 80 lb. per sq. in. Estimate the fin^l 
pressure when 4 % of the water is evaporated.. 
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By equation (3) 


(1-0 04) 1 


W ^ /902\ 6-712 




L s ^ 927 p t 48 lb. per sq. in. 
h at 80 lb. per sq. in. = 282 1 t 3 = 311-9 
h at 48 lb. per sq. in. = 247-0 t s = 278-4 

34-5 33-5 

A more exact value of L 2 is therefore given by 

902 

— 0 712 = ^28. Pa " 46 lb. per sq. in. 

0*96 l -on" 


L 9 = 


Ex. 2. Determine the storage capacity of an accumulator if, on maximum demand, it 
is to yield 5000 lb. of steam lor a pressure drop from 100 to 60 lb. per sq. in. abs. 

h at 100 lb. per sq. in. = 298-6 = 327*9° F. 

292*6 


h at 60 lb. per sq. in. = 262-2 l 8% 

~364 

36*4 


6 — ; 


36*4 
= 1*031. 


35*3 


35-3 

1-031 

TFo _ /890\()7i2 _ 1 

U\ ~ \916/ ‘ 1*042 * 

^-^=5000=^(1-^). 

W x = 125,000 lb. 


Charging process. 

In the charging process the charging steam may be in any condition having 
total heat H. Neglecting radiat ion and any variation in temperature throughout 
the water, sensible heat gained by the water must equal the heat lost by the 
heating steam 

Wdh = dw(ll-h). 

r”’>dW _ r h ’ dh . W 2 _H-h x 

*'• •• wru-h, 1 1 

Ex. Storage capacity of boilers. 

The normal rate of evaporation of boiler plant was 70.000 lb. per hr., but occasionally 
the demand for steam rose to 100,000 lb. per hr. for a period of 15 min. If the equivalent 
water capacity of the boilers was 370,000 lb. at a pressure of 200 lb. per sq. in. abs., 
determine the fall in pressure during the period of maximum demand if the rate of firing 
and the temperature of tho feed remained constant. 

How much water would be required in a thermal storage accumulator to limit the 
pressure drop to 5 lb. per sq. in. ? 



846 Appendix 

During the period of maximum demand the water content of the boilers is reduced by 

(100,000 - 70,000) = 7500 lb. 


.*. W 2 = 370,000 - 7500 = 362,500. 

W 2 _ 362,500 _ /844\o-7 1 i2 
W x ~ 370,000 ~\LJ 

L 2 857 b.tii.u. p 2 = 171 lb. per sq. in. 

* from 200 lb. per sq. in. to 170 = 1-06. 

10 6 

W 2 _ /844\0-7l2 

w\ - Ut‘ * 

Using four figure logs L 2 is almost the same as the approximate value, and, therefore, 
the pressure drop will be about 30 lb. per sq. in. 

With the pressure drop limited to 5 lb. per sq. in. 

h at 200 lb. per sq. in. = 355*4 t H » 381 *8 


h at 195 lb. per sq. in. = 353*1 t s 

“¥3 


2-3 

s = 2-1 = l’ 094 ' 


370-7 

2-1 


1 (194 

W 2 _ /844-2\0 7i2_ 1_ 

W x ~ \840-2/ — 1-004* 


^,-^ = 7500= ^[l-^ . 


Water in boilers 


= 1,884,000 lb. 
= 370,000 


Additional storage capacity = 1,514,000 lb. 


Equation (3), p. 843 is not particularly favourable to accurate computation; so it is 
as well to have an independent check thus: 

W x h x - W 2 h 2 = X 7500. 

Jml 


w 2 = W x - 7500. 

W x [h x - h 2 ] + 7500 h 2 ^ x 7500. 

7500 f Ll ~^-h 2 

Vi* — 4 “5 — 

370,000 


Additional storage capacity =£= 1,230,000 lb. 
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Ex. A variable pressure accumulator contains 30,0001b. of water at 250° F., and into 
this water is discharged the surplus steam from a boiler which operates ut 1501b. per 
sq. in. Neglecting radiation, calculate the weight of steam which can be accommodated 
in the accumulator, if the pressure is raised to ] 50 lb. per sq. in. What weight of steam 
will be removed if the pressure is allowed to fall to 30 lb. per sq. in. ? 

Compare the woik available from the stored steam, if it passes to a turbine, the 
admission pressure to which is maintained constant at 30 lb. per sq. in., with the power 
available had the steam been used at 150 lb. per sq. in. instead of being stored. 


During charging 


ll' 2 _ //—A, 

//-V 


If 2 - 30,000 jj™] = 33,800. 


Weight stored = 38601b. 
Average specific heat from 150 to 30 lb. per sq. in. = 1-020. 


I 02!) 


Final weight after regeneration = 33,800 = 29,730. 

(945-8/ 


Steam regenerated = 4130 lb. 

Regeneration takes place at variable pressure, but the reducing valve, which throttles 
supply to the l.p. turbine, by reason of the throttling operation, maintains the adiabatic 
heat drop sensibly constant at 182 b.t.it. 

Tho adiabatic heat drop from 150 lb. per sq. in. to 2 lb. per sq. in. is 284 b.T.u. 


Work available from stored steam = 4 1 30 x 1 82 


= 752,000 b.t.it. 

Work available by direct expansion = 3860 x 284 

= 1 , 096,000 b.t.tj. 

The example shows that it is possible to recover only about 70 % of the heat drop 
by regeneration, but without regenerat ion some of the steam would have been lost at 
the safety valve, and the boiler would have worked at a lower efficiency on tho reduced 
load. 


(Durham, 1953.) 

Ex. Cooling tower. 

A cooling tower is used to cool 65 gallons of water per min. by the open cooling 
evaporative method. The water is supplied to the top of the tower at a temperature of 
130°F. and is subsequently cooled to 80° F. Air enters the bottom of the tower in a 
moist condition, having a relative humidity of 50 % at a temperature of 70° F. and 
leaves the top of the tower at 110°F. in a saturated condition. Assuming that the 
specific heat at constant pressure of the superheated steam is 0-48 and that the pre- 
vailing atmospheric pressure is 14-5 lb. per sq. in., determine the necessary rate of flow 
of moist air and estimate the rate of loss of water from the tower. Both answers should 
be expressed in lb. per min. 
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Properties of steam at low pressures are given by: 


Pressure 

Temp. 

H 

v„ 

lb. per sq. in. 

°F. 

B.T.u. per lb. 

cu. ft. per lb. 

0-1815 

50-5 

1083-9 

1674-0 

0-3030 

70-0 

— 

— 

1-275 

110-0 

1109-5 

265-4 


Relative humidity = 0-5 = 


Pvs 


0-363 ‘ 

p p8 at dew point — 0-1815 lb. per sq. in. and dew point = 50-5° F. 

53-3x510-5 
(14-5-0-1815) 144 : 


Specific volume of bone-dry air at dew point — 
Specific volume of steam at dew point — 1074. 


13*17 cu. ft. 


13-17 


.*. Weight of steam entering per lb. of dry air = yen A lb. 

Air leaving is saturated at J 1 0° F. 

Specific volume of air leaving==^—|^^^^ = 15-95 cu. ft. 


Weight of steam leaving per lb. of dry air = 


15*95 

205-4 


Loss of water per lb. of air 


= 0-0601. 

0-00786 
= 0-05224 lb. 


The weight of dry air supplied per minute should be obtained from a heat balance 
thus: 


Heat entering = heat in dry air + heat in moisture 4- heat in circulating water. 
Heat leaving = heat in dry air -f heat in moisture -f- heat in (circulating water — 
water evaporated). 

Equating: 


w x 0-24 (70 - 32) -r wx 0-00780 [ 1083-9 + 0-48 (70 - 50-5)] + 650 (130 - 32) 

= w x 0-24 ( 1 1 0 - 32) + w x 0*0601 x 1 1 09-5 + (050 - 0-05224 x w) [ 80 - 321, 

whence w = 498 lb. of dry air per minute. 

With every lb. of dry air there are 0-00780 lb. of steam, so the weight of moist air 

= 498x1-00786 


= 502 lb. per min. 


Loss of water=498 x 0-05224 = 26 lb. per min. 


(I.Mech.E., 1954.) 

Ex. Dew point of flue ga8. 

An oil-fired boiler is supplied with 30 lb. air per lb. oil at a temperature of 70° F.; 
pressure 14-5 lb. per sq. in. and relative humidity 60 %. 

The oil has a weight analysis of carbon 84 % and hydrogen 16 %, and it may be 
assumed that combustion is complete. 
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Calculate the dew-point temperature of the flue gases if the pressure in the flue is 
14-2 lb. per sq. in. 


h 


F, 

°F. 

lb. per sq. in. 

cu. ft. per 

50 

0*178 

1708 

68 

0-336 

931*5 

86 

0*610 

530*7 

104 

1*06 

314*8 

122 

1*78 

193*7 


By interpolation from the table the saturation pressure at 70° F. is 0*366 lb. per sq. in. 
Vapour pressure of the steam in the air = Ob x 0*366 = 0-22 lb. per sq. in. 

Saturation temperature at this pressure = 54-8° F. Specific volume = 1504. 

Specific volume of bone-dry air at 54*8° F. = — X ^ =1 3-33. 

(14*5 — 0*22) 144 


13*33 x SO 

Vapour in air per lb. of fuel burned = * * * — = 0*260 

r 1504 

Moisture from H 2 — 9 x ()• 1 0 =1*4 40 

Total weight of moisture = 1 *7( )0 

To obtain the vapour pressure, and hence the dew point, of the flue gas, we must 
know the proportion by volume of the steam in the gas, since from p. 26 


Partial pressure = 


% Volumetric analysis x Total pressure 
" — - "loo * 


Oxygen supplied = 30 x 0*23 = 6*90 

Oxygen burned per lb. of fuel — S x 0*84 + 8x 0*16 — 3*52 

Exeess oxygen = 3*38 


Parts by wt. Parts by vol. 

0*84 x 11 


C0 2 = 0-84 x — 

B ,0=1-706 
Cl, = 3-38 
N, = 23-l 


=0*07 

44x3 

1*706/18 = 0*0947 
3-38/32 =0 1056 
23*1/28 =0*8240 
1*0943 

0*0947 


Partial pressure of steam in flue gas = 14*2 x — 1*23 lb. per sq. in. 

Dew point = 104+ 18 ° 

= 108 ° F. 

(London.) 

Ex. Charging a refrigerator. 

Explain in detail how you would determine whether or not a refrigerator was suffi- 

ciently charged. , , nn 

The cylinder of a single-acting refrigerator has a swept volume of 9-9 cu. ft. per mm 
and the m.e.p. is 48 lb. per sq. in. At suction the pressure is 34-3 lb. per sq. in. and at 
discharge 169-2 lb. per sq. in. Superheated to 140° F., undercooling takes place to 

68° F. 


54 
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In the evaporator the brine loses heat at 356 b.t.u. per min. while 453 B.T.u. per min. 
are removed by the cooling*water. 

C v for superheated NH 3 as 0*7 find: 
actual coefficient of performance, 
rate of circulation of NH 3 in lb. per min., 

magnitude and direction of the net radiation of the system in b.t.tj. per min. 


V 

Temp. 

h 

L 

lb. sq. in. 

°F. 

heats 

B.T.U. 

169-2 

86 

138-9 

492-6 

124-3 

68 

118-3 

510-5 

34-3 

5 

48-3 

565-0 


68° F 86°F 



TOTAL HEAT 
Fig. 422. 


Taking 

(а) the 

(б) the 
(c) the 


Industrial plants are provided with pressure gauges on each side of the throttle 
valve. These gauges carry a double scale — one for temperature, and one for pressure. 
The h.p. gauge should read 15° F. above the inlet temperature of the circulating water, 
and the l.p. gauge 10° F. below the outlet temperature of the brine. 

The above conditions can be realised by adjusting the charge pressure and the throttle 
valve. 

If the evaporator is undercharged the vapour will leave with a high degree of super- 
heat. This will produce an unusually high temperature at the compressor discharge. 

On the condenser side of the plant undercharging will cause the refrigerant to leave 
at almost the same temperature as tho cooling water enters. 

In contrast with undercharging, overcharging produces high pressures and cool 
running. The pressure-gauge pointers tend to vibrate, and, in the limit, there may be 
“ water hammer” in the system. 

Refrigerating effect per minute = 356 b.th.u. 


9-9 


Work done per minute 48 x 144 x b.th.u. . 


a . , 356 A „ 

Actual c.o.p. = -g = 4*05. 
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Superheat=0-7 (140 — 86)= 37-8 

£ = 492-6 

138-9 

118-3 

Undercooling 20-6 

Heat to condenser =551-0 


453 

Hate of circulation of NH 3 =^- = 0*822 1b. per min. 

Heat input = heat output + rad iation : 350 + 87-9 = 453*0 + radiation. 

Radiation = — 9*1, i.e. heat flows into the refrigerator. 

(Durham, 1953.) 

Ex. Heat pump. 

The heating of a block of municipal buildings adjacent to a large river is carried out 
by means of a heat pump which uses sulphur dioxide as the working medium. Evapora- 
tion takes place at 30 5 F., the temperature of the water drawn from the river mean- 
while falling from 40 to 38° F. After adiabat ic compression to 200° F. t he S0 3 vapour 
is completely condensed without undercooling at 140° F. The water used for heating the 
buildings enters the condenser at 1J0°F. and leaves at 120°F. Assuming that the 
specific heat at constant pressure of superheated S0 2 = 0*154, compute the reciprocal 
thermal efficiency of the heat- pump (a) if adiabatic expansion is performed in a cylinder, 
(b) if a throttle valve is used to reduce the pressure. 

In the latter case determine for a heating effect of 12,000 b.tii.u. per min. the power 
input to the compressor and the rate of flow of river water and condenser cooling water 
in gallons per hour. Properties of S0 2 , measured from the datum of — 40° F., are given 
below: 


Pressure 
lb. per 
sq. in. 

Temp. 

°F. 

h 

u.T.e. 

H 

u.T.r. 

Liquid 

<> 

I patent 

~ 

Total 

21-7 

30 

22-64 

185*04 

0*0496 

0*3316 

0*3812 

158-6 

140 

60-04 

179*94 

| 0*1189 

0*1999 

„ 0-3188 


The cycle is shown in fig. 423 on p. 853. 


Thermal efficiency = 


Work done by fluid 


Heat supplied to fluid* 
Reciprocal thermal efficiency 

Vt 


Heat rejected by fluid 
Work done on fluid 


For the machine fitted with an expansion cylinder rj t — 

Z/ c = 179*94 + superheat (s.u.) 
s.u. = 0*154 (200 - 140) = 9*24 

H at 140° F. = 279*94 

// c = 189*18 
h d = 60*04 
= 129*14 


K 


Heat rejected 


54-2 
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Increase in $ due to superheat 



= 0-0147 

4> v at 140°F. 

= 0-3188 

<{) c relative to — 40° F. 

= 0-3335 

<t>a 

0-1189 


= 0-2146 

Heat rejected 

= 129-14 


(& - 4> d ) T x = 0-2 ! 40 x 490 - 105-1 

Work done = 24-04 

129-14 

Reciprocal efficiency with compressor = — ^ - ■ = 5-38. 

For the machine, fitted with an expansion valve, the heat rejected is unchanged; 
but the work done is increased to 

constant — H c ~~ (fib 7\ ~ 

<t> b ^<f> c ^ 0-3335 II c = 189*18 


4>a 


= 00490 


22-04 


100-54 

(<Pb-<l>a) 7\ =0-2839 X 490 = 139-0 

Work done— 27-54 

129*14 

Reciprocal efficiency = - fc) ^ ^ = 4 - 69 . 

Work done per minute = — 2500 b.th.u. 

4-09 

. . 2500x778 „ 

h.p. required = - - =60-25. 

139-0 

/i d = 60-04 


K = 22-64 


37-4 


Net heat cxtractcd= 101-6 b.tii.u. per lb. S0 2 . 

u . 4 . - . . 12000x101-6 

Heat extracted per mmute = - . , - =9420 b.th.u. 

129-14 

9420 60 

River water circulation =- — x y^ = 28,260 gallons per hr. 

Z 1U 

12000 

Condenser cooling water = — — x 60 = 72,000 gallons per hr. 

Ex. Hero’s turbine. 

Fig. 424 shows the rotor of a pure reaction turbine employed by Sir Charles Parsons 
in his early experiments. 

2T r 

Prove that the effi ciency of the machine is given by y = — - r - , and that for a maximum 
work V = V r /2. 
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RECIPROCAL EFFIC' 
WITH EXPANSION CYLINDER 


He - hd 


(Hc-hd)-(&- </> d )\ 


WITH EXPANSION 
VALVE 


He - hd 


He- Hb 


Fig. 423 


Calculate the home-power developed by the voter and account for tine luting «. 
much leas than that delivered. Ignore the centrifugal heel on the -team. 


IUIjU IOOi3 laXOlAi VMMiv P 

Toraue = rate of change of angular momentum. . 

STLam tolpplM axially along the el, aft the init.,1 angular momentum aero. 

2A P r f > j t r ir\ r 

Final angular momentum = n \ y r y ) • 
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Work done per second ~~~ (F r — V) F. 

(V r - V) V 

V MIiP ( v r -V ) V + M^(F r -F)2 
2V 2 

v ~v r +v~v r * 

f +a 


2(F r - F) F 

2(F r - F) F + (F r - F) 2 * 



When -yj = 1 , 7f = 1 . To have a reaction at all V r > V. 


Work fF=fc(FF-F 2 ), 


W-V- 

dV~ r 
V = V r /2 


2F=0, 

for maximum work. 
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V r = 224V255x 6-9 = 3303 
T r 2ttx30 30(H) 

F= “ir 

I’,- 21508 

1(5 x 70 /2<>OS\ 785 „ 

n r = 300(7 (32.2) r,50= 36 0 - 

n.P. delivered = 10 x l-34=21-44. 

Difference due mostly to windage of arms which also prevents rotational velocity 
approaching the ideal. 


Ex. Efficiency of reaction turbine blading. 

Show that the stage efficiency //, of a row of fixed and moving blades is given by 




V»D_ 


where i/„ is the efficiency of the blade passage, when considered as a nozzle for con- 
verting heat into kinetic energy, and //„ is the efficiency of the blades for conserving 
the kinetic energy in the “carry-over” and turning the steam through an angle into the 
contracting portion of the blade passage: 


S IKY 

D - 2 v , ms0l -\v) • 


where — = B1ade and a is the discharge angle of the blades. 

V t Steam speed 

What does the expression for r/ s become when the absolute velocity of discharge 

from the moving blades is axial? 

On p 445 it was shown that the total energy available per stage is the adiabatic 
heat-drop plus the carry-over. Owing to friction, shock and turning the steam through 
a considerable angle only a portion of this energy is converted into kinetic energy. 


*• 2g' 


i A.H.i). per pair) 1’?, 

4 2' J ■' + *lb 2g • 

Work done 

Stage efficiency Ava i table energy’ 


(1) 


•( 2 ) 


Since an axial flow of steam must be maintained from stage to stage the carry-over 
is notatuiilftble for doing r»ech™l work; so the av.ibb . «e w , on winch to ta. 
the stage efficiency, is the adiabatic heat drop per pair or stage. 

Item equation (1) this is given by 1 ft.-lb. per lb. of steam. 

But work done per lb. of .loam - (2 V, eoeu- SI ? (see pp. 419 and 445). 
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2-j^cosa— | 

f sy 

X) 

>-*(£ 

f . 


(2V. cos a— s) 
pa_ jy~J/8 s Vn~Vn 


From the velocity triangle on p. 444 

Vl= Ff + /S' 2 — 2 V, 8 eos x 

m 

Ff=[l-DJ. 

By (4) in (3) ?j, 

8 

V, 


If the discharge is axial 


1- % (1 -DY 
= cosa. /. D — cos 2 a, 
1 — I) = sin 2 a, 


__ 7j„ cos* a 
l~^sin 2 a* 

In practice rj h =0*5, r/ n ^0*9. rj h is always < i)\. 


( 3 ) 


(4) 


Ex. Regenerative feed heating. 

A turbine is supplied with 65,000 lb. of steam per hour, and, after expanding to 
40 lb. per sq. in. abs. and 330° F. steam is bled off for feed heating, the drains from the 
first heater being cascaded to the second which receives steam at 10 lb. per sq. in. abs. 
and 0*975 dry. 

The combined drains from this heater pass to a drain cooler before being discharged 
into the condenser at a temperature of 120° F. 

The drain cooler, second heater and first heater are arranged in series on the feed 
line, the two heaters having sufficient surface to raise the temperature of the feed to 
within 10°F. of the saturation temperature of the bled steam. 

If the temperature of the condensate is 98° F., obtain the temperature of the feed 
leaving the drain cooler and also, in pounds per hour, the weight of steam which must be 
bled from each tapping point. 

In large land turbines to what percentage of saturation temperature in the boiler 
is the feed usually raised by regenerative heating '( 

H at 40 lb. sq. in. 330° F. = 1202 
h at 40 lb. sq. in. = 236 

Heat given up per lb. of steam condensed in first heater 966 b.t.u. 

For the second heater the heat given up = 0*975 x 982*5 = 957 b.t.u, 
h at 10 lb. per sq. in. = 161 *3, t = 193*2. 

Heat given up in drain cooler 236* 1 + w 2 x 1 61 *3 — (w 1 + w%) ( 120 — 32). 

This is equal to the heat received by the feed per lb. of steam supplied to the turbine 


= *i-98* (1) 

Heat received by feed in second heater 

x 957 = (193*2—10 — ^). ..*...(2) 
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Heat received by feed in first heater 

•= M 'i 900 = 1 2(57-2 — LO — (li):t-2— 10)], 

w ’i = a 7 6 4 6=b-07()(>]l). per lb. (3) 


'I' 65,000 lb/hr 


T 

700° F 
5151b. □ 



Substituting these values in (l) 

0-0766 x 236-1 4- ^ S y j 1 fil 3 ~ [°' 07fifi + (' “957 ') J 88 = h ~ 98 - 

/. 1 = 1I4-7°F. 

183-2-114-7 
957 


w 9 = — 


=■ 007101b. per lb. 


First heater bleed = 65,000 x 0-0766 = 4970 lb. per hr. 
Second heater bleed = 65,000 x 0-0716 = 4650 lb. per hr. 


About 70 %. 



858 


Appendix 


Ex. Gas turbine diffuser. 

In an industrial gas turbine long diffuser pipes couple the compressor to the heat 
exchanger, the ratio of diameters, at the ends of each diffuser, being 5 to 1 . 

At entry to the diffusers the static pressure is 60 lb. sq. in. abs., the total head tem- 
perature 450° C. abs., and velocity 500 f.p.s. 

Determine the static pressure, density and velocity at outlet if each diffuser has an 
efficiency of 80 %. (7^ = 0*24. i2 = 96. 

Total head temperature 

- 450 JC - 

F 1 = 5(K). 


• rf 4^0 _ _ 

1 64-4 x 1400 x 0-24 21650 


= 438-47. 


■^1 I 1 * jPl ~ '^2 T' 2 Pfr 


As a first approximation ignore the change in density, so 

F a 20. 

I,,=450_ 2raS6 =44!M ’ 8 - 

Because of the ineff iciency of the diffuser this temperature cannot be used to compute 
the static pressure at discharge. 

. k.e. converted into p.e. 

Diffuser efncien cy =75 — — . 

Or in terms of temperature 

n 0 Temp, rise produced by rise in pressure 
08 500 2 -20 2 * 

21650 

,\ Temp, rise produced by change in pressure 

= 0-8 [11 53-00185] = 9-21. 


r 2 _(Pi\ y 


i W 

2^60^1 


^r, 9-2i “I s * 

■ i?2 = 60 L + 438-47j 

^47 ^] =64 ‘ 5 lb ‘ 8<1- “ 


9-21 x 3-5 


= 64*5 lb. sq. in. 


Pi = P 2 
Pi ^1 Pi ^2 


. A__60 x /449 1 98\ 

* ‘ /> 2 ~ 64-5 \438-47 / _ ° 9 3 * 


But 
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A more accurate velocity is therefore 20 x 0-1)53= 19 06 fp s 

The adjustment, however, is too small to make a semmj ,'„U l.latio,, necessary. 
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Pr 


Pi _ 04-5x 144 
'm\ 0-0x449-1)8 


= 0 2152. 


EPILOGUE 

“However high we climb in the pursuit of knowledge we shall still see heights 
above us, and the more we extend our view, the more conscious we shall be of the 
immensity which lies beyond,” 




INDEX 


Absolut© pressure, 10 

— temperature, 10 
Absorption refrigerator, 282 
Accumulator, 726 
Adiabatic efficiency, 116 

— equation, 1 68 

— expansion, 51 

— heat drop, 335 

— index, 36, 52 

for air steam mixture, 223 

— tomperature efficiency of air compressor 

116 

Adsorption refrigerator, 284 
After burning, 614 

— cooler, 94 

Air, composition of, 508 

— compressors, 86 

— conditioning, 210 

— consumption, measurement of, 657, 

682 

— cooling of a petrol engine, 637 

— ejectors, 500 

— meter, 657 

— motor, 123 

— preheater, 708 

— pump, 390 

— standard cycle jet propulsion unit, 

756 

efficiency, 75 

— supplied j)er lb. of fuel, 514 
Aircraft carburettors, 650 
Airless injection, 666 
Akroyd’s atomiser, 665 

— oil engine, 664 
Alcohol, 618, 626 
Ammonia, 288 

— absorption refrigerator, 309 
Andrew and Cameron's balanced 

valve, 233 

Angle of advance, 230 
Animals, 2 
Arctic regions, 2 
Argon, 4 
Aromatics, 626 
Atoms, 4 

Available calorific value, 535 
Avogadro, 12 

Babcock and Wilcox boiler, 701 
Back -pressure turbine, 475 
Bailey wall, 708 
Base loads, 490 

Bauer-Wach combination, 502, 835 
Baveroy compound jet, 646 
Beau de Rochas, 74 
Bell -Coleman cold air machine, 290 
Benson boiler, 710 


Benzol, 626, 627 
Bernoullis' equation, 319 
Bi>fuel engine, 587 
Binary vapour turbine, 489 
Bitumen, 572 
Blades, 455, 463 
Blast injection, 670 
Bloofler turbine, 472 
Bleeding, 478 
Boiler trials, 554 
Boilers, 698 
Boiling, 127 
Bomb calorimeter, 540 
Bosch fuel pump, 673 

— magneto, 580 

Brake specific fuel consumption, 656 
~ thermal efficiency, 657 
Bray ton's engine, 663 
Brier's automatic regulator, 305 
Bucket calorimeter, 133 
Buclii supercharger, 673 
Burner efficiency, 766 

Calibration of a gas motor, 549 
Calendar's equations, 157 
Calorific; intensity, 535 

— value, 532, 539, 546 

of air, 633 

of benzene, 823 

of B 2 and CO, 524 

Calorimeters, bombs, 540 

— gas, 547 

— separating, 133 

— throttling, 1 34 
Carbon, 4 

— dioxide, 288 

— gland, 470 

slide — value of a fuel, 535 
Carburettors, 643 
Carnot cycle for a gas, 66 

for a vapour, 174 

Carry over, 413, 430 
Cascade heating, 478 
Centigrade scale of temperature, 8 
Central flow condenser, 497 

turbine, 430 

Centrifugal compressor, 760, 794 
Cetane number, 677 
Characteristic constant, 10 

— curves, 377 

— diagram, 660 

— equation for gases, 10 

for vapours, 142 

Charge temperature, 824 
Charging refrigerator, 849 
Chart for refrigerants, 826 
Chemical compound, 504 
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Chemical contraction, 35 

— equations, 506 

— reactions, 505 
Clapoyron’s equation, 138 
Clearance in compressors, 101 

— ratio, 1 03 

Clement and Desormos, 55 
Closed cycle gas turbine, 789 

— vessel experiment, 136, 137, 817 
C0 2 recorders, 527 

Coal, 3 

Cochran boiler, 700 
Coefficient of contraction, 322 

— of discharge, 323 

— of performance of a condenser, 393 
of a refrigerator, 289 

Cold air refrigerator, 282, 290 
Combination of indicator diagrams, 270 
Combustion, 504, 532 
— - chambers for Diesel engines, 677 
Common rail system of fuel injection, 
676 

Comparison between petrol and c.i. engines, 
681 

— between two -stroke and four -stroke 
cycles, 578. 671 

Composition of air, 508 
Compound air compressor, 94 

— gas turbine, 784 

— refrigerator, 306 

— steam engine, 256 
Compressed air, 86 
Compressibility factor, 324 
Compression ignition engine, 665 

— ratio, 48, 680 

Compressor rotary, 754, 759, 769 ot seq. 

— valves, 1 10 
Condensers, 385, 496 

Conditions for reversibility in heat engines, 
65 

Conduction of heat, 363 
Coning and quartering, 555 
Conservation of energy, 19 
Constant dryness lines, 156 

— pressure expansion, 47 
steam accumulator, 726 

— total heat lines, 155 

— volume lines, 156 
Continuous recorders, 530 
Contraction in volume, 35, 614 
Control of compressors, 110 
Convection, 379 

Convergent-divergent nozzle, 337 
Convertible gas engine, 586 
Cooling petrol engines, 637 

— towers, 406, 847 
Corliss’ valve, 234 
Corrected vacuum, 391 
Counter-flow heater, 369, 372 
Cover of turbine blades, 466 


Creep of metals, 492 
Critical pressure ratio, 327 

— temperature and pressure, 146 
Cross -flow heater, 369 
Crossley gas engine, 584 
Cumulative heat drop, 432 
Cushioning, 230 

Cyclone separator, 724 

Cylinder dimensions of a compound steam 
engine, 258, 260 

— temperature, 598 

Daimler, 663 
Dalton’s law, 25 
Degree Kelvin, 10 

— Rankine, 10 

— of undorcooling, 351 

— of superheat, 129 

— of suporsaturation, 351 
Dehumidifl cat ion, 213 
Do Laval nozzle, 337 

- turbine, 412 
Delay period, 620, 622, 676 
Density, 12 
Depreciation, 730 
Design of steam turbine, 453 
Detonation, 624 
Dew point, 207, 848 
Diagram efficiency, 41 9 
- — factor, 245 
Diaphragms, 415, 472 
Diatomic substances, 4, 18 
Diesel, Dr, 69 
- — cycle, T(j), 76, 199 
referred to T(j) diagram, 802 

— engine, 666 

— fuel oil analysis, 683 
- — knock, 677 
Diffuser, 858 
Diffusion, 23 

Dimensions of specific heat, 22 

— of tomperature, 772 
Dimensionless ratios, 377 
Direct gasification of coal, 574 

— injection of petrol, 651 
Disc friction, 430 

Displacement of air compressor, 102 
Dissociation, 23 
Dope, 626 

Double-acting Diesel engines, 671 

— flow turbine, 430 
Doxford engine, 668 

Drop or double heat valves, 236 
Dry products of combustion, 510, 530 
Dryness fraction of steam, 130 

— after cut off, 250 

Dual combustion cycle, 79 
Dulong’s formula, 534 
Dummy piston, 419 
Dynamometer, 655 
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Economic generation of steam, 732 

— thickness of lagging, 734 

- — velocity in steam pipe, 732 
Economics of economiser, 738 

— of power transmission by bolts, 741 
Economiser, 704, 708 

Edwards* air pump, 390 
Effect of atmospheric conditions on a com- 
pressor, 107 

— of clearance in multi-stage compressors, 

109 

— - of throttling Ij.p. suction on a compressor, 
108 

Effectiveness of heat exchangers, 787 
Efficiency ratio, 66 
Ejector condenser, 388 
Eloctric CO a recorder, 528 
Electrolux refrigerator, 283 
Electrons, 4 
Elements, 4 

End thrust in turbines, 419 
End-tightened blados, 443 
Endothermic operation, 532 
Entropy diagrams, 800 

— of perfect gases, 186 

— of vapours, 152 * 

Equation of continuity, 322 
Equipartition of energy, 36 
Ericsson, 2 

— cycle, 787, 790 

Erosion of turbine blading, 494 
Erren engine, 587 
Ethyl chloride, 288 
Evaporation, 126 
Evaporative condenser, 214, 389 

— cooling, 637 

— value of a fuel, 535 
Exhaust gas analysis, 509 

— temperature, 598 

— turbines, 475, 502 
Exothermic operation, 532 
Expansion ratio, 48 

— valve, “Meyer”, 233 
Expansions in reaction turbines, 441 
Explosion, 532 

External heat of vaporisation, 128 

— work of wet vapour, 130 
Externally fired boilers, 698 
Extraction pump, 386 

— turbine, 472 

Fahrenheit scale of temperature, 8 

Fan loss, 429 

Fanning’s equation, 733 

Film coefficient, 377, 379 

First Law of Thermodynamics, 16 

Fixed carbon, 507 

Flame igniter, 577 

Flare of a nozzle, 337 

Flash boiler, 699 


Flat spot, 649 
Flow of fluids, 319 

of steam through turbine blading, 424 
Flying bomb, 774 
Forced circulation boilers, 709 
Forward engine, 65, 68 
Free air delivered, 88, 89, 102 

— piston origin© , 577 
Friction in nozzles, 339 
Frigorie, 289 

Fuel consumption loops of petrol engine, 
632, 653 

— measurement of petrol engine, 656 
Fullagar Diesel, 669 

Gas calorimeter, 547 
— - engine, 577 

— mixtures, 29 
— - turbino, 754 

— ■ — closed cycle, 789 

- — cycle referred to T<j) diagram, 807 

propulsion unit, 779 

Gaseous reactions, 506 
Gauging of turbino blados, 443 
Gay Lussac, 8 
Gibbs* function, 168 
Glands, refrigerator, 286 

— turbine, 467 
Glycol, 638 

Governing Diosol engines, 671 

— gas enginos, 582 

— turbines, 463 
Gotaverken turbino, 503, 836 
Grashof, 368 

Gross horse -power, 593 
Groups, 441 

Heat, 15 

— balance for i.c. engine, 590 

— exchangers for gas turbines, 784, 787 

— loss in flue gas, 530, 555 
to cylinder walls, 252 

— pump, 293, 851 

“■ — reception and rejection, 60 

— transmission, 362 
Helium, 4 

High compression gas engino, 585 
petrol engino, 635 

— level jet condenser, 388 
Higher calorific value, 535 
Highest useful compression ratio, 627 
Hit-and-miss governor, 582 
Hollow blades for turbines, 465 
Horse power, 3 

Hot tube ignition, 580 

- — well, 386 

Hot -bulb engine, 664 

Huettner rotary power unit, 719 

Humid heat, 211 

— volume, 211 
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Humidity, absolute and relative, 200 

— changes due to compression, 221 

on T<}> diagram, 219 

Humidity curves, 208 
Hurnphroy gas pump, 81 
Hydraulic compressor, 91 
Hydrocarbon, 507 

Ideal cycles, 64 

— efficiency of a refrigerator, 311 
- — refrigerator, 289 
Ignition advance, 660 

— systems of gas engine, 580 
Impulse turbine, 409, 416 
“In phase” and “out of phase” indicator 

diagrams, 623 

Incomplete combustion, 536 
Indicator diagrams, combination of, 270 

— _ light spring, 682 
Indirectly heated boilers, 712 
Induced draught fan, 709 
Initial state, 45 
Intercooler, 94 

Internal efficiency of a turbine, 431 

— energy, 16, 57 

— latent heat, 128 
Investment cost, 730 
Irreversible expansion, 840 
Isentropic expansion, 166, 798 
Isothermal efficiency of an air compressor, 

89 

Isorthermal expansion of gases, 47 
of vapours, 163 

Jacket, steam, 254 

— water, 92 

Jet condenser, 386 

— pipe, 762, 767 

— plane, 775 

— propulsion, 751 et seq. 

Joule, 15 

— cycle, 73, 808 

Joule -Thomson cooling effect, 281 
Joule’s law of internal energy, 16 

— mechanical equivalent of heat, 15 

Kadenacy two stroke, 672 
Kelvin’s warming engine, 293 
Kinematic viscosity, 379, 771 
Kinetic energy, 319 

— theory of gases, 66 
Knock rating, 627 

Labyrinth gland, 469 
La Mont boiler, 709 
Lancashire boiler, 699 
Lantern ring, 286 
Latent heat, 128 

effect on calorific value, 540 

Laws of thermodynamics, 16, 282 


Lead in reciprocating steam engines, 230 

— in turbines, 430 
Leaving loss, 430 ' 

Leblanc air pump, 391 
Liquid, 36 

Ljungstrom turbine, 439 
Load factor, 730 

Lodge-Cottroll dust separator, 725 
Looffier boiler, 714 
Logarithmic mean radius, 364 

temperature difference, 368, 372 

Loss of pressure in i.c. engines, 613 
Losses in steam turbines, 429 
Low level jet condenser, 386 

— pressure turbine, 475 
Low tension magneto, 580 
Lower calorific value, 535 

Mach No, 771 
Manifold, 649 

Marine exhaust turbines, 501 

— steam turbine, 455, 458 
M.C.R., 492 

Moan effective pressure, 243 

referred to l.p. cylindor, 258, 260 

Mechanical equivalent of heat, 15 

— mixtures, 504 

— separation of dust, 723 
Methyl chloride, 288 
Meyer expansion Valve, 233 
Missing quantity, 250 
Mixed pressure turbine, 475 
Mixing of gases, 25, 816 

Mixture strength, 622, 626, 629, 680, 761, 
762, 804, 805 

Mixtures of air and steam, 202 

— of gases, 25 

Modave dust separator, 724 
Mol, 14 

Molecular weight, 5 
Molecule, 4, 5 
Mollier diagram, 182 
Monatomic gases, 4, 16 
Monotube boiler, 712 
Morse test, 654 

Multiple effect compressors, 306 

— expansion, 305 

— retort stoker, 708 

Napier’s law, 328 

Negative superheat, 351 

Net efficiency of a turbine, 431 

Newcomen’s engine, 385 

Normal temperature and pressure, 11 

Nozzles, 336 

Octane, 627 

— number, 628 

Oil -operated valves, 238 
Open cycle, 789 
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Operation factor, 731 
Orifice tank, 657 
Orsat apparatus, 520 

Otto cycle on pv and T<p diagrams, 74, 197 

referred to T<p diagram, 802 

Out of phase indicator diagrams, 623 
Overall coefficient of heat transmission, 380 

— efficiency of a turbine, 431 

— thermal resistance, 366 
Overhead charges, 730 
Oxidation, 532 

Parsons’ coefficient, 457 

— turbine, 439, 854 

Partial admission in a turbine*, 429 

— pressures, 25, 202 

— - - and diffusion, 25, 818 
Pass-out turbine, 472 
Passes in a condenser, 369 
Perfect gas, 9 

Performance of an engine, 651 
Permanent gas, 9 
Petrol engine, 606 
Pinking, 624 
Piston cooling, 586, 667 
Piston speed, 261 
* — valve, 234 
Plato nozzle, 339 

— orifice, 325 

Polyatomic substances, 4, 18 
Polytropic compression and expansion, 97, 
183, 187 

— efficiency, 765 

Popping back in the carburettor, 629 
Potential energy, 319 
Power control by cut off, 270 
by throttling, 269 

— developed by a steam engine, 242 

— station site, 740 
Prandtl number, 379 
Precooling of refrigerant, 297 
Pre-ignition, 627 
Pressure, 6 

— compounding in turbines, 415 

— energy, 3 1 9 

— gas producer, 571 

— heat chart, 826 
Primary air, 722 
Priming in boilers, 130, 710 

Process of combustion in e.t. engines, 676 

in petrol engines, 620 

Producer gas, 560 
Products of combustion, 510 
Profile of steam nozzle, 336 
Pulverised fuel, 720 
Pumping horse-power, 593 

Quality governing, 582 

— of steam in an engine cylinder, 2 49 
Quantity governing, 582 
Quantum theory, 5, 40 


R.A.O. rating, 610 
Radial flow of heat, 363 
Radial How turbine, 439 
Ram efficiency, 765 
Ramming pipe, 673 
Hanaro x C() 2 recorder. 529 
Rankine cycle. 175 
Rate of heat reception, 60 
Rateuii, 412, 472 

Reaction turbines, 409, 439, 854-5 
.Receiver, 112, 258 
Reciprocating steam engine, 226 
Reducing cylinder condensation, 253 
Refrigerat ion, 281 
Regenerative condenser, 393 
— * feed heating, 477, 832, 856 
Regenerator, 71 

Reheat cycle in steam engines, 254, 485 

— factor, 432, 8 40 

Reheated reciprocating engine, 829 
Reheating air, 124 
Relative efficiency, 65 

— humidity, 206 

— velocity, 417 
Reversed engine, 65, 68 
Reversible expansion, 51, 66, 166 
Revolving boilers, 718 
Reynolds'’ number, 319, 379, 771 
Rocket, 706. 763, 764 

Rotary compressors, 114, 754, 759 
Rough engine, 02 1 
Running costs, 730 

Sailing ships, 3 
Saturated vapour, 128 
Saturation line, 155 

— temperature, 128 
Scales of temperature, 8 
Scavenging in oil engine's, 667 
Schmidt- Hartmann boiler, 713 
Sea, 2 

Second Law of Thermodynamics, 282 

Selenium cells, 2 

Semi -Diesel, 664 

Sensible heat, 128, 141 

Separating calorimeter, 133 

Severn tidal scheme, 2 

Sharp-edged orifices, 325, 336 

Shell and fire tube boilers, 698 

Shrouded jet, 648 

Shrouding on turbine blades, 466 

Silica gel, 282 

Sink, 67 

Sinking fund, 730 

Slide valve, 230 

Small stage efficiency, 765 

Sodium -cooled exhaust valves, 638 

Solid, 36 

— injection, 660, 673 
Source, 67 

Sources of power, 1 
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Specific air and fuel consumption, 650, 659 

— fuel consumption of a jet engine, 765 

— heat, true and mean, 10, 19 

— volume, 7 

Spray injection in compressors, 92 

— ponds, 408 

Stage compression, 94 

— efficiency, 431 

— of a turbine, 415 

Standard curve of performance for petrol 
engine, 616 

— temperature and pressure, 11, 549 
Steam consumption of an engine, 248 

— engine, 226 

— flow through a turbine, 462 
Steam storage, 726, 844 et seq. 

— turbine, 409 
Stirling boiler, 703 

— cycle, 70 

Stratified charge, 617, 629 
Streamline flow, 319 
S.U. carburettor, 646 
Sublimation, 126 
Suction gas producer, 570 

— temperature i.c.e., 599 
Suitability of a radiator, 637 
Sulphur, 4 

— dioxide, 288 
Sun, 1 

Supercharging i.c. engines, 638, 672 

— a petrol engine, 825 
Supercooled vapour, 351 
Superheated steam engines, 253 

— vapour, 128 
Supersaturation, 350 
Surface condenser, 389 

— ignition engine, 604 

Tachometers, 655 
Temperature, 7 

— at end of exhaust and suction strokes, 598 

— entropy diagram for a gas, 189 
for vapours, 154 

— equivalent (of velocity), 758 
Terminal loss in a turbine, 430 
Terrestrial heat, 3 

Testing boilers, 554 

— oil engines, 682 

— petrol engines, 051 
Tetra-ethyl of lead, 626 
Thermal conductivity, 362 

— efficiency, 65 

jet propulsion unit, 763, 767 

— equilibrium, 350 

— ladder, 67 

— potential, 7 

— reversibility, 65 

— storage, 726 

Thermodynamic scale of temperatures, 8 
Theseus engine, 789 


Throttling calorimeter, 134 

— operation, 155, 165, 195 
Thrust block, 443 

— booster, 753, 778 
Tookey factor, 597 
Topping units, 491 
Total heat, 19, 128 

entropy diagram, 182, 301 

— pressure, 25 
Triatomic substances, 4, 18 
Trip gears, 238 

Triple-expansion engines, 256, 265 
True specific heat, 19 
Turbine blades, 455, 463, 767 

— glands, 467 

■ — nozzles, 339 
Turbo compressor, 115 
Turbulence in i.c. engines, 620 
Turbulent flow, 319 

Undercooling, 297, 351 
Uni flow engine, 239 
Unit of refrigeration, 289 
Universal gas constant, 14 

Vacuum, 391 

— efficiency, 392 

Valves for a steam engine, 229 

air compressors, 110 

Van der Waals’ equation, 45 
Vaporiser, 664 

Vapour compression refrigerator, 285 
Vapours, 126 

Variable pressure steam accumulator, 727 

— specific heats, 39, 797 
Variation in specific hoats, 797, 815 
Vegetation, 3 

Velocity compounding in steam turbines, 
413 

- — diagrams for steam turbines, 417, 444 

— of approach, 338 

— of sound, 332 

— of whirl, 768 

— pressure compounding, 415 

— ratio, 425, 445 
Velox boiler, 715 
Volume of air receiver, 813 

Volumetric efficiency of an air compressor, 
102 

of a gas engine, 587 

of an oil engine from a light spring 

indicator diagram, 598, 682 
from a petrol engine, 018 

— heat, 17 

Voorhees multiple effect refrigerator, 306 
Water, 2 

— cooling of a petrol engine, 637 

— equivalent of bomb calorimeter, 545 

— jacket on air compressor, 92 
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Water sealed air pump, 390 

turbine gland, 471 

— tube boilers, 699 
Watt, 1, 386, 622, 661 
Werkspoor Diesel engine, 673 
Wet steam, 130 
Willans* line, 249 
Wilson line, 352 
Wind, 2 

Windage in steam turbines, 429 


Index 

Wing blades, 441 
Wire drawing, 230 
Work done by air compressor, 87 

by steam engine, 242 

Working fluid, 65 

Zero of absolute temperature, 10 
— of entropy, 162, 187 
— * of internal energy, 46 
Zeuner’s equation for dryness fraction, 335 



